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INTRODUCTION 


Casualties  in  Operation  Iraqi  Freedom  (OIF)  and  Operation  Enduring  Freedom 
(OEF)  have  experienced  a  high  rate  of  extremity  injuries  with  nearly  ubiquitous 
diffuse  tissue  damage  and  compromised  local  circulation  often  associated  with 
overt  vascular  injury.  These  injuries  include  traumatic  amputations,  open 
fractures,  crush  injuries,  burns,  acute  vascular  disruption,  blastwave-associated 
pressure  injuries,  air,  thrombotic,  and  fat  embolism,  and  compartment  syndrome. 
In  the  treatment  of  such  complex  traumatic  injuries,  improved  assessment  of 
global  and  regional  perfusion,  extent  of  infection,  location  and  development  of 
necrotic  tissue,  as  well  as  location  and  development  of  early  heterotopic 
ossification  would  facilitate  the  resuscitation  and  definitive  treatment  of  these 
patients.  Noninvasive  spectroscopic  methods  may  fulfill  such  a  role,  particularly 
Raman  spectroscopy,  infrared  imaging,  near-infrared  spectroscopic  imaging,  and 
visible  reflectance  spectroscopic  imaging.  These  technologies  are  capable  of 
monitoring  tissue  temperature  ( 1 ),  perfusion  (2)  and  associated  hypoxia  (3-6), 
collagen  deposition  (7,  8),  and  development  of  calcified  tissue  (9-18). 
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BODY 


Aim  1  is  comprised  of  four  tasks: 

a)  Optimize  each  imaging  system  for  focal  distance,  illumination  source  and  power, 
and  acquisition  times. 

b)  Collect  images  and  Raman  spectra  of  unaffected  tissue  of  patients  at  various 
anatomical  sites. 

c)  Characterize  specific  tissue  features  of  normal  tissue. 

d)  Correlate  spectral  parameters  of  normal  tissue  and  their  response  with  physician 
observations. 

Task  la  was  significantly  delayed  because  of  the  manufacturing  of  the  custom  LED  array. 
The  original  LED  array  was  not  delivered  in  the  desired  format,  as  indicated  by  the 
prototype  drawings.  As  a  result,  we  then  had  to  wait  for  an  additional  piece  to  be 
machined.  Figure  1  is  the  imaging  system  without  the  LED  array  attached.  Figure  2 
demonstrates  the  linearity  of  the  3-CCD  response  compared  to  the  fluorescence  tissue 
oxygenation  probe.  The  original  3-CCD  image  (Figure  2A)  shows  a  six  well  plate  with  four 
wells  of  blood.  Increasing  amounts  of  sodium  dithionite,  a  reducing  agent,  has  been  added 
to  three  of  the  wells,  decreasing  the  concentration  of  Hb02  in  those  wells.  The  individual 
3-CCD  channel  responses  are  displayed  (Figures  2B-C),  along  with  the  calculated 
response  (Figure  2D).  There  is  clearly  a  linear  relationship  between  the  amount  of  sodium 
dithionite  added  to  the  wells  and  the  measured  p02  (as  measured  by  the  fluorescence 
probe),  as  expected  -  Figure  2E.  Finally,  we  demonstrate  a  linear  relationship  between  the 
calculated  response  of  the  3-CCD  camera  and  the  fluorescence  probe  measurements 
(Figure  2F).  Subsequently,  raw  IR  camera  values  were  calibrated  with  temperature  values 
(Figure  3).  The  relationship  is  linear,  with  a  goodness  of  fit  of  0.99.  For  Task  1  b,  an 
amendment  was  submitted  and  approved  by  the  IRB  for  collection  of  “control”  Raman 
spectra.  We  collected  Raman  spectra  of  normal  muscle  from  10  patients. 

While  Task  1c  was  initiated,  Raman  spectra  of  different  anatomical  sites  of  volunteers 
looked  very  similar  to  skin  and  fat.  The  Raman  probe,  as  configured,  was  not  able  to 
collect  spectra  of  control  muscle  transcutaneously. 

Finally,  data  analysis  continues  to  complete  Task  Id. 


Aim  2  is  comprised  of  five  tasks: 

a)  Correlate  the  presence  of  necrotic  tissue  with  spectroscopic  markers. 

b)  Correlate  spectroscopic  markers  with  wound  infection. 

c)  Correlate  spectroscopic  markers  with  the  development  of  heterotopic  ossification 
(HO). 

d)  Correlate  spectral  parameters  and  their  response  with  physician  and  pathologist 
observations. 

For  Task  2a,  since  submission  of  the  proposal,  we  have  received  tissue  biopsies  from 
wounds  for  over  90  patients  and  Raman  spectra  have  been  collected  for  these  patients. 
We  have  also  enrolled  over  60  patients  into  the  3-CCD  study,  collecting  3-CCD  images  of 
wounds  for  all  of  these  patients.  Briefly,  the  majority  of  the  patients  enrolled  in  the  3-CCD 
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study  to  date  have  been  normal  healers,  so  correlation  of  outcome  to  3-CCD  data  has  not 
yet  been  possible.  We  have,  however,  determined  the  optimum  conditions  for  obtained 
quality  3-CCD  images  and  this  practice  has  been  implemented  by  the  clinical  team. 

For  Task  2b,  we  are  continuing  to  build  our  Raman  spectral  database  of  bacterial  isolates. 
In  addition  to  the  30  strains  of  Acinetobacter  baumanii  (donated  by  the  Infectious 
Diseases  department  at  the  Walter  Reed  Army  Institute  of  Research) ,  we  have  added 
another  46  species  of  bacteria  with  multiple  strains  of  each  commonly  observed  in  wounds 
(including  Pseudomonas,  Bacillus,  Arcanobacterium,  Staphylococcus,  Enterococcus, 
Klebsiella,  Citrobacter,  Stenotrophomonas,  Enterbacter,  Morganella  and  Escherichia). 
These  samples  have  been  generously  donated  by  Biomerieux,  a  manufacturer  of  in  vitro 
diagnostics  for  clinical  microbiology,  or  by  the  Infectious  Diseases  department  at  the  Naval 
Medical  Research  Center. 

Hierarchical  clustering  was  used  to  delineate  the  spectral  relationships  between  the 
different  strains  of  Acinetobacter  baumannii  (Figure  4),  specifically  Spearman’s  rank 
hierarchical  clustering  with  complete  linkage  over  the  wavelength  range  of  930-1080 
cm'1.  Apal  digestion  (restriction  enzyme  digestion  of  DNA)  and  optical  mapping  (high- 
resolution  restriction  maps  from  single,  stained  molecules  of  DNA)  were  also  performed 
on  the  isolates  (data  not  shown)  and  subjected  to  hierarchical  clustering. 

Clustering  by  optical  mapping  and  Apal  digestion  were  compared  to  the  results  of  the 
Raman  spectral  clustering.  Genetically  determined  subgroup  assignments  are  indicated 
by  the  numbers  to  the  left  of  the  brackets,  while  gray  boxes  indicate  the  strains  that  did 
not  classify  correctly  according  to  Apal  digestion  and  optical  mapping.  Hierarchical 
clustering  of  the  Raman  spectra  correctly  classified  77%  of  the  thirty  isolates  examined. 
Performance  of  the  classification  technique  could  potentially  be  improved  with  alternate 
spectral  preprocessing  and  additional  spectral  region  optimization. 

Additionally,  the  Raman  spectrum  of  effluent  can  be  used  to  monitor  the  amount  of 
cellular  matter  (human  or  bacteria)  throughout  the  course  of  treatment  for  the  wounded 
warriors.  Figure  5  shows  the  Raman  spectra  of  wound  effluent  collected  from  the  same 
patient  at  the  fifth,  sixth,  seventh,  and  eighth  surgical  debridements.  Evidence  of 
cellular  matter  is  apparent  in  debridements  five  through  seven  (Figures  5A-C),  as 
denoted  by  the  presence  of  the  1450  cm'1,  1240  cm'1,  and  1004  cm'1  bands,  but 
becomes  drastically  reduced  by  the  eighth  debridement  (Figure  5D).  Bacteria  counts  for 
these  samples  also  decrease  with  time  (3.5  x  105  CFU/mL,  2.1  x  103  CFU/mL,  and  2.0  x 
103  CFU/mL  for  the  fifth,  sixth,  and  eighth  debridements  respectively). 


We  are  beginning  to  compile  the  Raman  data  into  a  central  database  for  prediction 
modeling.  We  have  completed  preliminary  modeling  of  a  smaller  data  set  (25  wounds). 
Specifically,  we  have  compared  various  data  analysis  techniques  for  predicting  wound 
outcome.  Univariate  data  analysis  demonstrates  statistically  significant  differences  in  the 
1004  cm'1,  1040  cm'1,  and  1250  cm'1  band  areas.  Thresh  holding  spectral  bands  for 
wound  classification  (i.e.  normal  healing  or  dehisced),  however,  correctly  classifies  wound 
outcome  in  less  than  70%  of  the  test  data  set  (Figure  9).  Several  multivariate  data  analysis 
techniques  were  probed  for  predicting  wound  outcome:  naive  Bayesian  belief  network, 
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support  vector  machine,  and  linear  discriminant  analysis.  The  Bayesian  belief  network 
model  was  based  on  an  initial  univariate  analysis  and  performed  worst  (accuracy  of  ~65% 
for  both  normal  healing  and  dehisced  wounds  -  Figure  10A).  The  addition  of  clinical  data 
to  the  data  set  improved  model  prediction  by  almost  10%  (Figure  10B).  The  support  vector 
model  (SVM)  provided  92.3%  accuracy  for  predicting  wound  dehiscence  (Figure  1 1  A), 
while  the  linear  discriminant  analysis  exhibited  84.6%  accuracy  for  predicting  wound 
dehiscence  (Figure  1 1 B).  These  preliminary  results  demonstrate  great  promise  for  the 
potential  of  Raman  spectroscopy  to  predict  wound  healing. 


Aim  3  revolves  around  the  completion  of  a  swine  hind  limb  ischemia  protocol. 

a)  Acquire  spectroscopic  images  of  the  limb  before,  during  and  after  limb  ischemia  using 
VRS,  NIRS  and  IR  imaging. 

b)  Measure  standard  systemic  assessments  of  reperfusion  injury  (creatine  kinase  (CK), 
urine  myoglobin)  in  addition  to  cardiac  output,  blood  pressure,  serum  lactate,  base 
deficit  and  hemoglobin  levels  before,  during,  and  after  limb  ischemia. 

c)  Optimize  resuscitation  methods  by  correlating  standard  and  spectroscopic  parameters 
with  porcine  model  outcomes. 

We  have  collected  images  and  biological  samples  from  42  pigs  to  date,  including  sham 
animals  (n=5),  2  hour  tourniquet  animals  (n=9),  3.5  hour  tourniquet  animals  (n=5),  4.7  hour 
tourniquet  animals  (n=5),  2  hour  occlusion  animals  (n=7),  3.5  hour  occlusion  animals  (n=5), 
and  4.7  hour  occlusion  animals  (n=6).  As  we  suspected,  imaging  data  indicates  that 
reperfusion  and  subsequent  oxygenation  of  the  ischemic  limb  do  not  proceed  at  the  same  rate 
for  severely  affected  tissues  (Figure  12).  In  addition,  the  rate  of  change  of  normalized  3CCD 
values  maximum  ischemia  until  maximum  reperfusion  (slope  of  reperfusion)  trend  positively 
with  the  mean  pathology  score  of  the  affected  limb  tissue  and  negatively  with  post-operative 
days  0  and  1  Tarlov  scores,  a  measure  of  mobility  (Figure  13A).  The  rate  of  change  of 
normalized  3CCD  values  from  maximum  reperfusion  until  values  stabilize  (slope  of  post¬ 
occlusive  reactive  hyperemia)  trend  positively  with  days  0  and  1  post-operative  Tarlov  scores 
and  negatively  with  mean  pathology  scores  of  the  affected  limb  tissue  (Figure  13B).  We  are  in 
the  process  of  continuing  to  analyze  the  data  generated  by  all  arms  of  the  swine  limb  ischemia 
model. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  The  infrared  system  and  3-CCD  systems  have  been  calibrated  and  integrated  for 
automatic  image  capture.  Additionally,  a  script  has  been  developed  to  automate 
image  registration  for  data  extraction  in  a  real-time  fashion. 

•  We  have  received  tissue  biopsies  from  over  100  patients. 

•  We  have  also  enrolled  64  patients  into  the  3-CCD  study,  collecting  3-CCD  images 
of  wounds  for  all  of  these  patients. 

•  We  have  also  collected  Raman  spectra  of  bacterial  isolates  for  58  bacterial  strains, 
many  found  in  combat  wounds,  including: 

•  Citrobacter  freundii,  Enterobacter  cloacae,  Escherichia  coli,  Klebsiella 
pneumonia,  Morganella  morganii,  Acinetobacter  baumannii,  Pseudomonas 
stutzeri,  Stenotrophomonas  maltophilia,  Trueperella  benardiae,  Bacillus 
cereus,  Cornyebacterium  striatum,  Enterococcus  durans,  Enterococcus 
faecalis,  Enterococcus  faecium,  Staphylococcus  aureus,  Staphylococcus 
capitis,  Staphylococcus  haemolyticus,  Streptococcus  schleiferi. 

•  For  Acinetobacter  baumannii,  we  have  collected  Raman  spectra  of  30  unique 
strains. 

•  We  have  used  support  vector  machine  analysis  to  correctly  identify  bacterial 
isolates  as  Gram  positive  or  Gram  negative  from  Raman  spectra  only  with  94.4% 
accuracy.  We  are  continuing  model  optimization  for  prediction  of  bacterial  strain 
family,  genus,  and  species. 

•  We  have  used  hierarchical  clustering  to  classify  individual  Acinetobacter  baumannii 
strains  into  groups  of  genetic  relatedness  with  77%  accuracy. 

•  Our  examination  of  heterotopic  ossification  (HO)  tissue  and  non-HO  tissue  has 
revealed  differences  between  normal  tissue  and  tissue  that  goes  on  to  develop  HO. 
These  spectral  differences  can  be  directly  attributed  to  protein  and  mineral  content. 

•  Efforts  to  collect  Raman  spectra  of  colonized  wound  effluent  samples  advances. 

•  We  have  compiled  the  Raman  data  for  prediction  modeling  of  1 )  Wound 
dehiscence,  2)  Wound  colonization,  and  3)  Development  of  Heterotopic 
Ossification  and  are  collaborating  with  Eigenvector  Research  Incorporated  to 
develop  prediction  models. 

•  We  have  generated  preliminary  models  from  a  subset  of  25  patients  to  predict 
wound  dehiscence  and  are  able  to  obtain  100%  accuracy  for  prediction  of  wound 
dehiscence. 
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•  We  have  collected  images  and  biological  samples  from  55  pigs  to  date,  including 
all  sham  animals  as  well  as  all  control  animals  for  2,  3.5,  and  4.7  hours  of 
ischemia  (both  by  tourniquet  and  occlusion). 

•  Preliminary  results  demonstrate  a  strong  correlation  of  3CCD  imaging  values 
post-reperfusion  with  histopathological  evaluation  of  the  tissue.  IR  imaging 
correlates  well  with  functional  outcome.  Additionally,  results  demonstrate  a 
correlation  with  rate  of  reperfusion  with  histopathological  evaluation  as  well  as  a 
correlation  with  rate  of  reactive  hyperemia  and  histopathological  evaluation  and 
functional  outcome. 

•  We  are  in  the  process  of  performing  a  meta-analysis  of  the  data  generated  by 
the  swine  limb  ischemia  model  in  collaboration  with  Draper  Laboratories. 
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CONCLUSION 


In  this  effort  we  have  made  progress  in  all  task  areas  and  disseminated  our  findings 
through  both  national  presentations  and  publications.  With  regards  to  three  of  the  key 
outcomes  in  wounded  warriors  (the  development  of  HO,  wound  failure  and  wound 
infection)  our  efforts  have  begun  to  demonstrate  success.  With  regards  to  wound  healing, 
we  have  enrolled  more  than  50  patients  (each  with  multiple  wounds  and  time  points)  for 
both  Raman  and  3CCD  analysis  and  are  continuing  to  obtain  control  specimens  from  non- 
injured  patients  and  heterotopic  ossification  tissue  from  injured  patients.  We  continue  to 
move  closer  to  an  “optical  biomarker”  which  can  guide  debridement  and  predict  outcomes. 
Finally,  as  both  HO  and  wound  failure  are  related  to  the  presence  of  bioburden  our  efforts 
in  determining  the  spectra  of  common  flora  in  combat  patients  will  not  only  augment  our 
understanding  of  the  interplay  between  host  and  response  to  injury  but  help  select 
appropriate  anti-microbial  approaches.  In  summary,  this  multi-faceted  approach  has  laid 
the  foundation  for  continued  advances  over  the  ensuing  years.  In  the  future,  we  hope  to 
apply  these  efforts  to  civilian  trauma  as  well  as  military  trauma. 
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SUPPORTING  DATA 


Figure  1.  Portable  imaging  system  comprised  of  a  multispectral  imager  (3-CCD  camera) 
and  long  wave  infrared  (IR)  camera.  All  system  components  were  operated  with  a  laptop 
computer,  enabling  automation. 
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Figure  2.  Displayed  are  the  original  3-CCD  image  (A)  and  its  red  (B)  and  blue  (C)  channel 
responses,  in  addition  to  the  calculated  image  of  the  red  channel  response  minus  the  blue 
channel  response  (D)  for  wells  filled  with  blood.  There  is  a  linear  trend  for  p02 
fluorescence  measurements  and  the  concentration  of  sodium  dithionite  added  to  the  wells 
of  blood,  a  surrogate  for  Hb02  concentration  (E).  A  linear  relationship  is  also 
demonstrated  for  the  calculated  3-CCD  values  for  each  well  and  the  p02  fluorescence 
measurements  (F). 


16 


Figure  3.  Calibration  plot  correlating  actual,  measured  temperature  of  standards  with 
raw  infrared  (IR)  values. 
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Figure  4.  Hierarchical  clustering  of  30  Acinetobacter  baumarmii  isolates  into  subgroups 
of  strains.  Boxes  highlight  strains  that  were  misclassified  according  to  optical  mapping 
and/or  Apal  digest  data. 
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Figure  5.  Raman  spectra  of  wound  effluent  collected  from  the  same  wound  after  the 
fifth  (A),  sixth  (B),  seventh  (C),  and  eighth  (D)  debridement. 
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Figure  6.  Representative  Raman  spectral  profiles.  A)  Raman  spectra  of  normal  muscle 

( — ),  type  I  collagen  ( - ),  type  II  collagen  ( — ),  and  type  IV  collagen  ( — ). Obvious 

differences  are  apparent  in  the  Amide  I,  the  Amide  III  envelope,  and  the  C-C  backbone 
stretching  bands  (denoted  by  the  shaded  boxes).  The  Raman  spectrum  of  muscle 
contains  an  Amide  I  band  at  -1655  cm'1  while  the  collagen  Amide  I  band  is  shifted  to 
-1665  cm'1.  Additionally,  the  Amide  III  1340  and  1320  cm'1  bands  are  much  more 
prominent  in  the  muscle  spectrum  but  the  collagen  spectra  display  increased  Amide  III 
1270  and  1245  cm'1  spectral  bands.  Finally,  the  876  and  855  cm'1  Raman  spectral 
bands  of  the  collagen  spectra  are  more  intense  than  those  exhibited  in  the  muscle 
spectrum.  B)  Raman  spectra  of  normal  muscle  ( — ),  early  HO  tissue  ( — ),  and  mature 
HO  tissue  ( — ).  Shaded  boxes  indicate  regions  where  vibrational  bands  differ 
significantly.  The  mean  band  center  for  the  Amide  I  band  of  uninjured  muscle  is  1655 
cm'1.  For  the  HO  tissue,  whether  early  or  mature,  the  Amide  I  band  shifts  to  a  higher 
frequency  and  is  centered  at  1660  cm'1.  Differences  are  also  apparent  in  the  Amide  III 
envelope  of  the  spectra.  The  intensity  of  the  1340  cm'1  Raman  vibrational  band  is 
decreased  in  the  spectra  of  the  HO  tissue  compared  to  the  uninjured  muscle  tissue. 
The  1270  cm'1  and  1240  cm'1  Raman  vibrational  bands  are  increased  in  the  spectra  of 
the  HO  tissue  compared  to  the  uninjured  muscle.  The  most  notable  difference  in  the 
spectrum  of  the  mineralized  HO  tissue  is  the  presence  of  the  960  cm'1  band,  a  EP-0 
stretching  mode.  This  is  a  typical  Raman  vibrational  band  observed  for  hydroxyapatite, 
and  in  this  case,  for  the  carbonated  hydroxyapatite  in  bone  mineral.  Finally,  the 
intensities  of  the  921  cm'1,  876  cm'1,  and  855  cm'1  bands  are  more  intense  in  the 
spectra  of  the  HO  tissue  than  in  the  spectrum  of  the  uninjured  or  injured  muscle. 


20 


2.5 


□  control  muscle 


□  injured  muscle  □  early  HO 


H  mature  HO 


T  ri  T  T 

1  frill  fr 

i  i 

u 

Li 

1660/1445  1680/ 1445  1640/1445*  1240/1270  1340/1270  134D/1270 

(area)*  (height)* 


Figure  7.  Comparison  of  Raman  vibrational  band  area  ratios  for  matrix  components  of 
tissue.  Statistically  significant  differences  ( p<0.0125 )  are  indicated  by  an  asterisk  (*). 
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Figure  8.  Comparison  of  Raman  vibrational  band  area  ratios  for  mineral  components  of 
tissue.  Statistically  significant  differences  (p<0.0125)  are  indicated  by  an  asterisk  (*). 
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v  (cm'1) 

Band  Assignment 

Component 

593 

v4  P043'  bending 

hydroxyapatite 

821 

v(CC)  of  backbone 

collagen;  muscle 

856 

v(CC)  of  hydroxyproline  ring 

collagen;  muscle 

873 

v3  P-OH  stretching 

bone 

876 

v(CC)  of  hydroxyproline  ring 

collagen;  protein 

921 

v(CC)  of  proline  ring 

collagen;  protein 

938 

v(CC)  of  protein  backbone 

collagen;  muscle;  protein 

945-952 

v  1  P043' stretch 

amorphous  calcium  phosphate 

959 

v  1  PO  4  3' stretch 

hydroxyapatite 

1004 

v(CC)  aromatic  ring 

Phe;  collagen;  muscle 

1032 

v3  P043' ;  v(CC)  skeletal;  C-0  stretch 

bone;  collagen;  muscle 

1071 

vi(C032") 

bone 

1075 

v3  P043'  stretch 

hydroxyapatite 

1080 

v(CC)  and  v(CN)  skeletal 

collagen;  muscle 

1159 

v(CC)  and  v(CN)  skeletal 

carotenoid  | 

1178 

v(CC)  and  v(CN)  skeletal 

collagen;  muscle 

1244 

S(CH2)  wagging;  v(CN)  amide  III  disordered/(3-sheet 

collagen;  muscle 

1274 

v(CN)  and  8(NH)  amide  III  a-helix 

collagen;  muscle 

1297 

S(CH2)  twisting 

collagen;  muscle 

1343 

y(CH2,  CH3)  wagging 

collagen;  muscle 

1385 

S(CH3)  symmetric 

collagen 

1448 

8(CH2)  scissoring 

collagen;  muscle 

1524 

carotenoid 

collagen;  muscle 

1552 

v(CC)  ring  stretch 

collagen;  muscle;  Trp 

1665 

v(CO)  amide  1 

collagen;  muscle 

Table  1.  Raman  vibrational  band  assignments. (8,  19-26) 
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Figure  9.  Predicting  outcome  based  on  univariate  analysis  of  the  Raman  vibrational 
band  area  at  1040  cm'1  would  misclassify  31%  of  dehisced  wounds  and  33%  of  healed 
wounds. 
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Figure  10.  Naive  Bayes  models  based  on  a  training  data  set  of  all  debridements  except 
final  debridements  used  to  predict  the  wound  healing  outcome  for  final  debridements 
using  clinical  data  only  (A)  and  Raman  spectral  data  and  clinical  data  (B).  The  accuracy 
of  the  clinical  data  prediction  model,  shown  in  A,  is  only  68%  for  normal  healing  wounds 
and  64%  for  dehisced  wounds.  A  combined  data  set  of  Raman  spectral  data  and 
clinical  data  improved  the  accuracy  of  the  prediction  model  -  76%  for  normal  healing 
wounds  and  76%  for  dehisced  wounds. 
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Figure  11.  Confusion  matrices  for  linear  discriminant  and  support  vector  machine 
prediction  models.  A)  Linear  discriminant  analysis  of  Raman  and  clinical  data  -  For  a 
test  data  set  (N=26),  84.6%  of  the  wound  spectra  were  classified  correctly  as  dehisced, 
and  100%  of  the  wound  spectra  were  classified  correctly  as  normal  healing.  B)  Support 
vector  machine  analysis  of  Raman  and  clinical  data  For  a  test  data  set  (N=26),  92.3% 
of  the  wound  spectra  were  classified  correctly  as  dehisced,  and  100%  of  the  wound 
spectra  were  classified  correctly  as  normal  healing. 
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Figure  12.  Displayed  here  are  video  frames  and  calculated  images  for  one  4.7  hour 
tourniquet  animal.  It  is  evident  that  tissue  perfusion  equals  tissue  oxygenation,  but 
we’ve  found  that  the  two  concepts  are  not  necessarily  synonymous  in  injured  tissue. 
The  column  on  the  left  shows  the  raw  3CCD  camera  footage.  In  the  center,  you  can 
see  the  calculated  3CCD  images  with  red  minus  blue  values  quantified  for  an  outlined 
region  of  interest  (black  polygon).  There  is  a  large  increase  in  tissue  oxygenation  at  5 
minutes  after  reperfusion  which  decreases  by  30  minutes  whereas  infrared  imaging  on 
the  right  demonstrates  linear  and  continual  rewarming  of  the  limb  to  temperatures 
above  baseline.  The  spike  in  perfusion  is  due  to  post  occlusive  reactive  hyperemia 
(PORH). 
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Figure  13.  Displayed  here  are  video  frames  and  calculated  images  for  one  4.7  hour 
tourniquet  animal.  It  is  evident  that  tissue  perfusion  equals  tissue  oxygenation,  but 
we’ve  found  that  the  two  concepts  are  not  necessarily  synonymous  in  injured  tissue. 
The  column  on  the  left  shows  the  raw  3CCD  camera  footage.  In  the  center,  you  can 
see  the  calculated  3CCD  images  with  red  minus  blue  values  quantified  for  an  outlined 
region  of  interest  (black  polygon).  There  is  a  large  increase  in  tissue  oxygenation  at  5 
minutes  after  reperfusion  which  decreases  by  30  minutes  whereas  infrared  imaging  on 
the  right  demonstrates  linear  and  continual  rewarming  of  the  limb  to  temperatures 
above  baseline.  The  spike  in  perfusion  is  due  to  post  occlusive  reactive  hyperemia 
(PORH). 
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AWARDS 

Nicole  Crane,  Women  Chemists  Committee  (WCC)  Rising  Star  Award,  American 
Chemical  Society,  2014 

The  WCC  Rising  Star  Award  recognizes  up  to  ten  outstanding  women  scientists 
approaching  mid-level  careers  who  have  demonstrated  outstanding  promise  for 
contributions  to  their  respective  fields. 
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Poster  Presentations 

1 .  Rajiv  Luthra,  Nicole  Crane,  Eric  Elster.  Monitoring  Limb  Ischemia  Using  Non- 
invasive  Imaging  and  Spectroscopic  Techniques.  FACSS.  Reno,  NV:  October  2 -7th, 
2011. 

Many  soldiers  involved  with  Operation  Iraqi  Freedom  (OIF)  and  Operation  Enduring 
Freedom  (OEF)  have  returned  with  extensive  blast  injuries  from  improvised  explosive 
devices  (lEDs).  Soldiers  face  traumatic  amputations,  open  fractures,  crush  injuries,  and 
acute  vascular  disruption.  Ischemia  is  a  major  concern,  as  lack  of  blood  flow  to  tissues 
leads  to  tissue  deoxygenation  and  necrosis.  Even  after  vascular  repair  and  reperfusion, 
compartment  syndrome  can  present  an  additional  challenge  in  which  the  increased 
pressure  in  a  tissue-bound  area  leads  to  occlusion  of  blood  vessels.  If  left  unaddressed,  a 
potentially  salvageable  limb  may  require  amputation.  Sometimes,  because  of  these 
complications,  the  wound  healing  process  is  protracted,  involving  a  series  of 
debridements.  During  a  debridement,  surgeons  visually  inspect  tissue  and  subjectively 
determine  whether  it  is  necrotic  and  requires  removal.  To  minimize  the  number  of 
debridements  necessary,  the  need  for  an  accurate  and  objective  method  for  determining 
wound  healing  is  evident.  In  this  study,  we  are  combining  various  non-invasive  imaging 
techniques,  such  as  3-charge  coupled  device  (3-CCD)  contrast  enhancement,  visual 
reflectance  spectroscopy  (VRS),  and  infrared  imaging  to  develop  an  objective  and 
quantitative  model  of  wound  perfusion  and  tissue  viability.  For  example,  3-CCD  contrast 
enhancement  images  coupled  with  infrared  imaging  data  allows  us  to  visually  discriminate 
areas  of  perfusion,  or  lack  thereof.  Normalization  and  comparison  of  3-CCD  images  over 
the  debridement  time  course  is  a  key  challenge.  The  combined  data  analysis  from  the 
above-mentioned  multi-modal  techniques  gives  a  more  complete  representation  of  tissue 
health  than  the  individual  techniques  would.  A  model  designed  from  this  analysis  would 
give  the  surgeon  an  objective  method  for  determining  which  wounds  have  normal  or 
impaired  healing. 

2.  Nicole  Crane,  Rajiv  Luthra,  Eric  Elster.  Profiling  Wound  Healing  with  Effluent: 
Raman  Spectroscopic  Indicators  of  Infection.  FACSS.  Reno,  NV:  October  2-7th, 
2011. 

The  care  of  modern  traumatic  war  wounds  remains  a  significant  challenge  for  clinicians. 
Many  of  the  extremity  wounds  inflicted  during  Operation  Enduring  Freedom  and  Operation 
Iraqi  Freedom  are  colonized  or  infected  with  multi-drug  resistant  organisms,  particularly 
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Acinetobacter  baumannii.  Acinetobacter  baumannii  is  a  gram-negative  nosocomial 
pathogen  with  a  capacity  for  forming  antimicrobial  resistant  biofilms,  which  can  be 
resistant  to  host  defense  as  well  as  traditional  antibiotic  treatments.  Biofilm  formation  and 
resistance  to  current  treatments  can  significantly  confound  the  wound  healing  process. 
Overtreatment  of  infections  with  broad  spectrum  antibiotics  can  result  in  an  increased 
number  of  multi-drug  resistant  organism  strains,  such  as  with  Acinetobacter  baumannii. 
Thus,  accurate  strain  identification  and  targeted  drug  administration  for  the  treatment  of 
wound  bioburden  has  become  a  priority  for  combat  casualty  care.  In  this  study,  we  use 
vibrational  spectroscopy  to  examine  wound  exudates  for  bacterial  load.  Inherent  chemical 
differences  in  different  bacterial  species  and  strains  make  possible  the  high  specificity  of 
vibrational  spectroscopy.  The  use  of  vibrational  spectroscopy  has  the  potential  to  offer 
improved  objective  assessment  of  combat  wounds,  resulting  in  faster  healing  times, 
decreased  infection  rates,  and  decreased  local  and  systemic  complications  of  injury. 

3.  Scott  W.  Huffman,  Caitlin  Williams,  Nicole  J.  Crane,  Ira  W.  Levin,  Eric  A.  Elster. 
The  Development  of  Infrared  Spectroscopic  Imaging-based  Histochemical 
Methods  for  the  Prediction  of  Kidney  Ischemia.  FACSS.  Reno,  NV:  October  2-7th, 
2011. 

Ischemia  is  a  restriction  of  blood  supply  and  thus,  oxygen,  which  can  lead  to  tissue 
damage.  The  quantification  of  ischemia  in  tissue  biopsies  and  sections  is  difficult  using 
histopathological  methods,  where  the  traditional  morphological  changes  (such  as 
swelling  and  extravesation  of  red  blood  cells)  are  highlighted  with  chemically 
nonspecific  hematoxylin  and  eosin  (H&E)  staining.  Other  immunohistochemical  stains 
are  available,  but  are  neither  quantitative  nor  sensitive  to  early  or  mild  tissue  damage. 

The  lack  of  high  quality,  specific  diagnostic  tools  is  exacerbated  by  a  lack  of  knowledge 
of  the  chemical  changes  that  occur  in  tissue  as  a  result  of  ischemia  and  subsequent 
reperfusion  (re-establishing  the  blood  flow). 

Ischemia  and  reperfusion  are  necessary  during  transplant  surgeries,  and  a  generally 
accepted  critical  ischemia  time  has  not  yet  been  established  in  humans. 
Ischemia/reperfusion  injury  may  greatly  affect  organ  function  after  transplantation.  The 
numbers  of  kidney  transplants  is  increasing  every  year,  and  therefore,  the  need  for 
understanding  of  the  chemical  nature  of  ischemia  induced  tissue  damage  is  increasing. 
Infrared  spectroscopic  imaging  has  the  ability  to  spatially  resolve  materials  with 
chemical  heterogeneity  such  as  kidney  tissue.  We  have  chosen  to  use  this  imaging 
technique,  coupled  with  chemometrics,  to  discern  ischemia/reperfusion  injury  changes 
at  the  molecular  level.  Herein,  we  present  the  results  and  findings  from  a  study  of  a 
canine  ischemia/reperfusion  model  probed  with  spectroscopic  imaging. 

4.  Rajiv  Luthra,  Nicole  J.  Crane,  Jonathan  Forsberg,  Eric  A.  Elster.  Using 
Multimodal  Imaging  Techniques  to  Monitor  Limb  Ischemia.  MHSRS.  Fort 
Lauderdale,  FL:  August  2012. 

In  this  study  we  develop  a  real-time  method  to  monitor  extremity  ischemia  in  an  animal 
model.  This  is  the  first  step  in  actualizing  a  clinically  relevant  and  objective  tool  to  aid 
clinicians  dealing  with  critical  combat  care  for  servicemen  with  severe  blast  trauma  to 
extremities. 
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Here,  in  this  swine  limb  ischemia  to  simulate  two  types  of  injuries  sustained  by 
wounded  service  members:  (1 )  vascular  injury  by  direct  occlusion  of  the  iliac  vessels 
and  (2)  crush  injury  by  pneumatic  tourniqueting  of  the  hind  limb.  Imaging  data  from 
thermal  and  3-charge  coupled  devices  (3-CCD)  are  integrated  in  real-time  using  in- 
house  developed  code  to  quantitatively  identify  and  track  regions  of  tissue  oxygenation 
and  perfusion  as  they  change  in  real-time. 

Utilizing  the  image  acquisition,  processing  and  computer  vision  toolboxes  in  MATLAB®, 
we  created  a  program  that  allows  visualization  of  images  acquired  from  both  cameras 
during  surgical  procedures.  The  video  streams  are  overlayed  and  data  is  extracted 
from  both  video  streams  and  manipulated  and  displayed  as  both  separate  and 
combined  channels. 

Standard  algorithms  for  image  registration  are  used  to  combine  the  multiple  imaging 
techniques.  Simple  matrix  arithmetic  methods  are  used  to  manipulate  the  data  into  a 
user-friendly  visual  representation.  Data  collected  from  this  study  gives  both  a  surface 
indication  of  tissue  oxygenation  as  well  as  overall  limb  perfusion.  This  study  aims  to  not 
only  increase  fundamental  understanding  of  the  processes  involved  with  limb  ischemia 
and  reperfusion,  but  also  develop  tools  to  monitor  overall  limb  perfusion  and  tissue 
oxygenation  in  a  clinical  setting.  A  rapid,  objective  assessment  of  the  severity  and 
extent  of  ischemic  damage  could  provide  surgeons  with  accurate  information  regarding 
overall  limb  viability  as  well  as  the  appropriate  timing  of  wound  closure.  Reducing  the 
number  of  surgical  interventions  required  reduces  overall  costs  and  patient  distress. 

5.  Maricela  Rodriguez,  Rajiv  Luthra,  Tiffani  Slaughter,  Eric  Elster,  Nicole  J.  Crane. 

Understanding  Systemic  Responses  to  Localized  Limb  Ischemia/Reperfusion 

Injury:  A  Yorkshire  Swine  Model.  AALAS:  Minneapolis,  MN:  November  2012. 

In  Operation  Iraqi  Freedom  (OIF)  and  Operation  Enduring  Freedom  (OEF),  many  blast 
injuries  result  in  limbs  with  severe  soft-tissue,  bone,  and  vascular  injuries  ("mangled 
extremities").  These  wounds  are  potentially  mortal  and  often  require  amputation  as 
definitive  treatment.  Limb  salvage  is  confounded  by  the  combination  of  devastating 
injuries,  the  drawback  of  current  methods  to  provide  temporary  perfusion,  and  the 
inability  to  measure  extremity  perfusion.  A  Yorkshire  swine  model  has  been  developed 
in  which  two  types  of  extremity  injuries  are  simulated  -  femoral  artery  occlusion 
simulating  a  direct  vessel  injury  and  limb  tourniquation,  simulating  a  crush  injury.  In  this 
model,  we  collect  traditional  clinical  samples  to  evaluate  injury  systemically  and  use 
novel,  non-invasive  monitoring  via  spectroscopic  imaging  to  evaluate  the  limb  locally. 
Infrared  imaging  shows  us  that  limb  temperature  decreases  during  ischemia  (-15.3%) 
while  body  temperature  and  heart  rate  increase  (2.5%  and  20.5%,  respectively).  Some 
systemic  markers  such  as  blood  urea  nitrogen  (Day  0  (D0)=5.0±1 .0,  Day  1 
(D1)=9.7±0.6,  Day  3  (D)3=9.0±1.0,  Day  7  (D7)=6.7±3.2)  and  albumin  (D0=2.0±0.1, 
D1=2.3±0.1,  D3=2.3±0.1,  D7=2.4±0.1)  increase  and  stay  elevated  post-operatively  in 
the  control  ischemia  group  when  compared  to  baseline  values  (p<0.05),  indicating 
possible  damage  to  the  liver  and  kidneys.  Histopathology  is  also  used  to  grade  tissue 
damage  to  the  limb  and  the  end  organs,  such  as  the  liver  and  kidney.  Ultimately,  this 
model  will  establish  measurements  for  determining  critical  ischemia  in  extremities  with 
the  intent  to  help  advance  the  treatment  of  injured  war  fighters. 
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6.  Joseph  Caruso,  Nicole  Crane,  Rajiv  Luthra,  Maricela  Rodriguez,  Eric  Elster. 
Clinical,  Biochemical,  and  Spectroscopic  Characterization  of  Acute  Limb 
Ischemia  and  Reperfusion  Injury  in  a  Porcine  Survival  Model.  Military  Health 
Science  Research  Symposium:  Fort  Lauderdale,  FL,  August  2013. 

Acute  limb  ischemia  commonly  causes  morbidity  and  mortality  after  trauma.  Rapid 
assessment  of  tissue  viability  and  reperfusion  is  desirable,  but  not  always  possible.  We 
sought  to  describe  increasing  periods  of  limb  ischemia  in  swine,  evaluate  non-invasive 
methods  to  characterize  the  ischemia,  and  establish  a  model  for  future  study. 

Females  (n=32)  were  randomized  to  sham  and  occlusive  or  tourniquet  arms  of  2(20, 

2T)  and  3.5(3.50,  3.5T)  hours.  Pneumatic  tourniquets  were  placed  on  the  proximal 
hind  limb.  Occlusion  was  done  by  clamping  the  femoral  artery.  The  limb  was 
monitored  with  3-charge  coupled  device  (3CCD)  and  infrared  (IR)  cameras.  Labs  were 
drawn  at  baseline,  hourly  during  ischemia,  max  ischemia,  30  minutes  after  reperfusion, 
and  on  post-op  days  1 , 3,  and  7,  when  animals  were  necropsied.  A  modified  Tarlov 
score  was  used  to  assess  gait. 

30  animals  survived  7  days  and  27  recovered  normal  gait.  Two  died  from  unrelated 
causes  and  were  excluded.  At  day  1 ,  3.5T  had  higher  concentrations  of  serum  markers 
of  injury  (AST,  ALT,  LDH,  and  CK;  p<0.001).  Tarlov  scores  were  significantly 
decreased  in  3.5T  at  all  post-op  time  points  (p<0.05).  At  max  ischemia,  3.5T  showed 
an  increased  change  in  3CCD  and  IR  spectra  when  compared  with  3.50.  3CCD  at  max 
ischemia  correlates  with  Tarlov  through  post-op  day  2  while  IR  at  max  ischemia 
correlates  at  all  time  points  except  night  of  surgery  (p<0.05).  Animals  in  3.5T  group  had 
more  histologic  damage  when  compared  with  all  others  (p<0.001). 

The  3.5T  arm  induces  significant  muscle  injury  albeit  without  marked  secondary  injury. 
The  use  of  3CCD  and  IR  imaging  shows  excellent  correlation  with  outcomes  and  with 
refinement  could  be  an  invaluable  predictive  tool  for  ischemic  tissue. 


7.  John  Coleman,  John  Irvine,  Joseph  Caruso,  Maricela  Rodriguez,  Rajiv  Luthra, 
Jonathan  Forsberg,  Nicole  Crane,  Eric  Elster.  Predicting  Outcome  for  Porcine 
Acute  Limb  Ischemia:  A  Comparison  of  Models.  Military  Health  Science 
Research  Symposium:  Fort  Lauderdale,  FL,  August  2013. 

The  purpose  of  this  research  is  to  develop  and  assess  possible  prediction  models  of 
outcome  for  acute  limb  ischemia.  Two  modeling  approaches  were  considered.  One 
model  relies  on  a  range  of  direct  measurements  of  blood  chemistry,  blood  gas,  and 
related  measurements,  while  the  second  model  relies  only  on  non-invasive  imaging 
data. 

We  use  a  factorial  design  experiment  to  examine  ischemia  and  reperfusion  in  Yorkshire 
Swine  ( Sus  scrofa  domestica).  Ischemia  was  induced  by  either  vessel  occlusion  of  the 
iliac  artery  and  vein  or  inflation  of  a  pediatric  pneumatic  tourniquet  for  2,  3.5,  or  4.7 
hours.  Sham  animals  (no  ischemia)  were  the  control. 
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This  animal  study  collected  various  parameters  beginning  at  the  start  of  ischemia  and 
continuing  through  ischemia  and  reperfusion;  selected  data  were  collected  for  up  to  a 
week  post-operatively.  Data  includes  combined  blood  chemistry,  comprehensive 
metabolic  panel ,  urinalysis,  and  cytokine  data.  Imagery  data  were  collected,  including 
both  3-CCD  and  thermal  video,  during  the  ischemia/reperfusion  event.  Outcome 
measurements  are  the  pathology  and  modified  Tarlov  scores. 

Following  an  exploratory  analysis  to  identify  candidate  predictors  (independent 
variables),  we  used  a  range  of  linear  modeling  techniques  (stepwise  regression,  least 
absolute  shrinkage  and  selection  operator  (LASSO),  and  Elastic  Net  to  develop  models 
that  predict  outcome  (mean  pathology)  based  on  the  independent  measures.  Models 
were  tested  for  robustness  via  cross-validation.  Two  models  were  developed  and 
tested:  1)  features  extracted  from  imagery  and  2)  non-imaging  data. 

These  models  show  reasonable  explanatory  performance  (R2=  0.7  and  0.5, 
respectively).  Opportunistic  acquisition  of  imaging  data  in  an  emergency  room  or 
trauma  center  could  provide  data  for  assessing  the  applicability  of  image-based 
outcome  models  for  human  subjects.  Over  50%  of  military  casualties  from  Operation 
Iraqi  Freedom  and  Operation  Enduring  Freedom  were  recorded  as  involving  major  limb 
injuryTourniquets  are  regularly  applied  in  the  field  in  99.5%  of  extremity  wounds  to 
prevent  hemorrhage.  An  accurate  prediction  of  outcome  could  inform  the  treatment  and 
monitoring  of  patients. 

8.  Nicole  J.  Crane,  Eric  A.  Elster,  Benjamin  K.  Potter,  Jonathan  A.  Forsberg. 

Comparison  of  Raman  Spectroscopic  Mapping  and  Histological  Characterization 

of  Heterotopic  Ossification.  American  Society  for  Bone  and  Mineral  Research: 

Baltimore,  MD,  October  201 3. 

Over  60%  of  patients  with  major  combat-related  extremity  injuries  develop 
radiographically  apparent  heterotopic  ossification  (FIO),  the  formation  of  mature  lamellar 
bone  in  the  soft  tissues.  Nearly  a  third  of  patients  that  develop  FIO  require  surgical 
excision  of  persistently  symptomatic  lesions,  a  procedure  that  is  fraught  with 
complications  and  delays  or  regresses  functional  rehabilitation  in  many  cases.  Due  to 
the  high  prevalence  and  the  morbidity  of  surgical  removal,  prophylaxis  would  be  much 
preferred  to  treatment.  The  exact  etiology  of  HO,  however,  remains  unknown.  We 
asked  whether  Raman  spectral  changes,  also  known  as  Raman  spectrohistopathology, 
mapped  across  tissue  sections  correlated  with  histologic  evidence  (serial  sections  of 
tissue  stained  with  H&E,  Alcian  blue,  Masson’s  trichrome,  S-100,  and  UCP-1)  of  the 
earliest  signs  of  HO  formation  using  tissue  biopsies  from  the  wounds  of  combat 
casualties.  In  doing  so,  we  compared  tissue  biopsies  from  ten  combat-wounded 
patients,  five  of  whom  developed  HO  after  wound  closure  and  five  of  whom  did  not. 
Raman  spectroscopic  features  extracted  from  mineral  and  matrix  components  of  tissue 
biopsies  demonstrated  strong  associations  with  histologic  findings.  Raman 
spectroscopic  mapping  further  demonstrated  utility  as  an  adjunct  technique  by  providing 
information  beyond  standard  histological  analysis  including  evaluation  of  mineral 
quality.  Raman  spectroscopy  may  therefore  prove  a  useful,  non-invasive  diagnostic 
modality  to  detect  and  characterize  early  HO  formation,  potentially  at  a  time  point  when 
primary  prophylaxis  or  selective  early  excision  remains  practicable. 


33 


Oral  Presentations: 


1 .  Nicole  Crane,  Eric  Elster.  Developing  a  New  Toolbox  for  Analysis  of  Warrior  Wound 

Biopsies:  Vibrational  Spectroscopy.  Photonics  West  BiOS.  San  Francisco,  CA: 

January  22nd -27th,  2011. 

The  management  of  modern  traumatic  war  wounds  remains  a  significant  challenge 
for  clinicians.  This  is  a  reflection  of  the  extensive  osseous  and  soft-tissue  damage 
caused  by  blasts  and  high-energy  projectiles.  The  ensuing  inflammatory  response 
ultimately  dictates  the  pace  of  wound  healing  and  tissue  regeneration. 
Consequently,  the  eventual  timing  of  wound  closure  or  definitive  coverage  is  often 
subjectively  based.  Some  wounds  require  an  extended  period  of  time  to  close  or  fail 
to  remain  closed,  despite  the  use  and  application  of  novel  wound-specific  treatment 
modalities.  Aside  from  impaired  wound  healing,  additional  wound  complications 
include  wound  infection  and  heterotopic  ossification  (the  pathological  mineralization 
of  soft  tissues).  An  understanding  of  the  molecular  environment  of  acute  wounds 
throughout  the  debridement  process  can  provide  valuable  insight  into  the 
mechanisms  associated  with  the  eventual  wound  outcome.  The  analysis  of  Raman 
spectra  of  ex  vivo  wound  biopsy  tissue  obtained  from  serial  traumatic  wound 
debridements  reveals  a  decreased  1665  cm'1/1445  cm'1  band  area  ratio  in  impaired 
healing  wounds,  indicative  of  an  impaired  remodeling  process,  in  addition  to  a 
decreased  1240  cm"1/1270  cm'1  band  area  ratio.  The  examination  of  debrided  tissue 
exhibits  mineralization  during  the  early  development  of  heterotopic  ossification. 
Finally,  preliminary  results  suggest  that  Fourier  transform  infrared  (FT-IR)  images  of 
wound  effluent  may  be  able  to  provide  early  microbiological  information  about  the 
wound. 

2.  Nicole  Crane.  Developing  a  New  Toolbox  for  Analysis  of  Warrior  Wounds. 

Biomedical  Sciences  and  Engineering  Conference.  Knoxville,  TN:  March  17th,  2011. 

The  management  of  modern  traumatic  war  wounds  remains  a  significant  challenge 
for  clinicians.  This  is  a  reflection  of  the  extensive  osseous  and  soft-tissue  damage 
caused  by  blasts  and  high-energy  projectiles.  The  ensuing  inflammatory  response 
ultimately  dictates  the  pace  of  wound  healing  and  tissue  regeneration. 

Consequently,  the  eventual  timing  of  wound  closure  or  definitive  coverage  is  often 
subjectively  based.  Some  wounds  fail  to  close,  or  dehisce,  despite  the  use  and 
application  of  novel  wound-specific  treatment  modalities.  Additional  wound 
complications  include  wound  infection  and  biofilm  formation  and  heterotopic 
ossification  (the  pathological  mineralization  of  soft  tissues).  An  understanding  of  the 
molecular  environment  of  acute  wounds  throughout  the  debridement  process  can 
provide  valuable  insight  into  the  mechanisms  associated  with  the  eventual  wound 
outcome. 

Currently,  we  are  examining  serum,  wound  biopsies  and  wound  effluent  from 
combat-wounded  warfighters,  and  exploring  the  use  of  imaging  and  spectroscopy  to 
answer  three  clinical  questions: 

1)  Are  there  bacteria  present  in  the  wound  (i.e.  infection)? 
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2)  Is  the  wound  developing  heterotopic  ossification? 

3)  Will  the  wound  heal  normally? 

Our  approach  has  been  multimodal.  Techniques  we  are  exploring  for  patient  and 
wound  evaluation  include:  cytokine  and  chemokine  assays  of  serum,  effluent,  and 
tissue;  thermography;  Raman  spectroscopy;  visible  reflectance  imaging;  and  Fourier 
transform  infrared  (FTIR)  spectroscopy  and  imaging.  These  techniques  have  the 
potential  to  offer  improved  objective  assessment  of  combat  wounds,  resulting  in 
faster  healing  times,  decreased  infection  rates,  and  decreased  local  and  systemic 
complications  of  injury.  This,  in  turn,  will  produce  improved  clinical  outcomes, 
decreased  patient  morbidity,  and  reduced  medical  costs. 

3.  Nicole  Crane.  Raman  Spectroscopic  Studies  of  Heterotopic  Ossification  in  Combat- 
Wounded  Soldiers.  Metropolitan  Biophotonics  Symposium.  College  Park,  MD:  April 
16th,  2011. 

N/A 

4.  Nicole  Crane.  Vibrational  Spectroscopy:  A  New  Tool  for  the  Analysis  of  Warfighter 
Wounds.  Invited  talk  at  Uniformed  Services  University  of  Health  Sciences. 
Bethesda,  MD:  May  1 9th,  2011. 

N/A 

5.  Nicole  J.  Crane,  Eric  A.  Elster.  Profiling  wound  healing  with  wound  effluent:  Raman 
spectroscopic  indicators  of  infection.  Photonics  West  (BiOS):  San  Francisco,  CA: 
January  2012. 

The  care  of  modern  traumatic  war  wounds  remains  a  significant  challenge  for  clinicians. 
Many  of  the  extremity  wounds  inflicted  during  Operation  Enduring  Freedom  and  Operation 
Iraqi  Freedom  are  colonized  or  infected  with  multi-drug  resistant  organisms,  particularly 
Acinetobacter  baumannii.  Biofilm  formation  and  resistance  to  current  treatments  can 
significantly  confound  the  wound  healing  process.  Accurate  strain  identification  and 
targeted  drug  administration  for  the  treatment  of  wound  bioburden  has  become  a  priority 
for  combat  casualty  care. 

In  this  preliminary  study,  Raman  spectroscopic  profiling  of  wound  effluent  during  wound 
surgical  debridements  demonstrates  a  decrease  in  bands  associated  with  cellular 
material,  notably  1450  cm-1,  1240  cm-1,  and  1004  cm-1;  these  changes  in  the  spectral 
profile  of  the  wound  effluent  are  possibly  indicative  of  reduced  bacterial  load  over  the 
course  of  wound  healing.  In  addition,  Raman  spectroscopy  was  able  to  correctly  classify 
77%  of  thirty  Acinetobacter  baumannii  isolates  into  their  respective  strain  subgroups. 

This  study  demonstrates  the  potential  of  vibrational  spectroscopy  as  a  technique  capable 
of  affording  an  objective  measurement  regarding  wound  effluent  colonization. 

6.  Nicole  J.  Crane,  Rajiv  Luthra,  Emily  Valaik,  Jonathan  A.  Forsberg,  Eric  A.  Elster. 
Chronicling  Wound  Healing  with  Raman  Spectroscopy.  MHSRS.  Fort 
Lauderdale,  FL:  August  2012. 

Predicting  wound  outcome  during  the  management  of  modern  traumatic  war  wounds 
remains  a  significant  challenge  for  inexperienced  clinicians.  Though  the  ensuing 
inflammatory  response  that  follows  injury  determines  the  pace  of  wound  healing  and 


35 


tissue  regeneration,  the  timing  of  wound  closure  is  often  subjectively  based.  Vibrational 
spectroscopic  techniques  such  as  Raman  spectroscopy  offer  the  potential  to  evaluate 
the  molecular  environment  of  acute  wounds  throughout  the  debridement  process  while 
in  the  surgical  arena.  In  a  recent  DoD  clinical  trial,  we  collected  over  200  tissue  biopsies 
from  75  combat-wounded  warfighters  and  subjected  them  to  non-invasive  analysis 
using  Raman  spectroscopy. 

During  treatment  for  patients,  the  wounds  are  debrided  in  the  operating  room  every  two 
to  three  days  until  the  wound  is  closed.  For  each  patient,  we  examined  the  tissue 
biopsies  obtained  at  each  surgical  debridement  (first,  second,  third,  final,  etc.)  during 
the  wound  healing  process,  chronicling  each  wound  with  Raman  spectroscopy  (KOSI 
Raman  Rxnl  system  with  PhAT  probe).  All  spectra  were  analyzed  with  curvefitting  - 
spectroscopic  vibrational  bands  are  modeled  with  two  or  more  Gaussian/Lorentzian 
shaped  bands.  Fitting  of  the  vibrational  bands  enables  deconvolution  of  spectral 
components.  Band  area  ratios  were  calculated  from  the  spectra  to  monitor  molecular 
changes  in  the  tissue.  For  instance,  deconvolution  of  the  Amide  I  band  in  the  Raman 
spectrum  can  provide  an  indication  of  the  presence  of  collagen  by  calculation  of  the 
1660:1445  cm-1  band  area  ratio.  These  findings  have  been  corroborated  by  a  decrease 
in  the  fold  change  of  expression  of  collagen  I  and  III  genes. 

We  observed  a  decreased  1660:1445  cm-1  band  area  ratio  in  second  debridement  and 
subsequent  debridement  tissue  biopsies  from  wounds  that  ultimately  suffer  from 
delayed  wound  healing  or  wound  dehiscence.  Thus,  Raman  spectroscopy  may  provide 
a  means  for  objective  evaluation  of  the  wound  environment  during  the  healing  process. 

7.  Nicole  J.  Crane,  Rajiv  Luthra,  Jonathan  A.  Forsberg,  Eric  Elster.  Predicting  Wound 
Outcome  from  Raman  Spectroscopic  Data:  Univariate  versus  Multivariate 
Techniques.  SCIX.  Kansas  City,  MO:  October  2012. 

Predicting  wound  outcome  during  the  management  of  modern  traumatic  war  wounds 
remains  a  significant  challenge  for  inexperienced  clinicians.  Though  the  ensuing 
inflammatory  response  that  follows  injury  determines  the  pace  of  wound  healing  and 
tissue  regeneration,  the  timing  of  wound  closure  is  often  subjectively  based.  Improved 
objective  assessment  of  combat  wounds  may  ultimately  guide  surgical  decision-making, 
resulting  in  faster  healing  times,  decreased  infection  rates,  and  decreased  local  and 
systemic  complications  of  injury.  Vibrational  spectroscopic  techniques  such  as  Raman 
spectroscopy  offer  the  potential  to  evaluate  the  molecular  environment  of  acute  wounds 
throughout  the  debridement  process  while  in  the  surgical  arena. 

We  collected  Raman  spectra  from  over  200  ex  vivo  combat  wound  tissue  biopsies,  and 
compared  them  to  eventual  wound  outcome  -  wounds  that  heal  normally  or  wounds  that 
suffer  from  delayed  healing.  Interpretation  of  Raman  spectra  of  biological  samples  can  be 
complex;  Raman  spectral  bands  are  often  the  sum  of  several  components.  Here,  we 
compare  the  ability  of  univariate  and  multivariate  data  analysis  techniques  to  accurately 
predict  whether  or  not  a  wound  will  heal  normally. 

This  study  demonstrates  the  potential  of  vibrational  spectroscopy  as  a  technique  capable 
of  affording  an  objective  measurement  regarding  wound  healing. 

8.  Rajiv  Luthra,  Nicole  J.  Crane,  Jonathan  A.  Forsberg,  Eric  A.  Elster.  Using 
Multimodal  Imaging  Techniques  to  Monitor  Limb  Ischemia:  A  Rapid,  Non-invasive 
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Method  for  Assessing  Extremity  Wounds.  SCIX.  Kansas  City,  MO:  October  2012. 

Almost  70%  of  military  casualties  resulting  from  Operation  Iraqi  Freedom  (OIF)  and 
Operation  Enduring  Freedom  (OEF)  were  recorded  as  involving  major  limb  injury.  Of 
these,  90%  were  blast  injuries  associated  with  traumatic  amputations,  open  fractures 
and  acute  vascular  disruption.  Serial  surgical  debridement  procedures  are  required  to 
identify  and  remove  both  foreign  material  and  necrotic  tissue.  Due  to  the  massive 
zones  of  injury  associated  with  high-energy  extremity  injuries,  ischemia  is  a  major 
concern,  as  wounds  evolve  throughout  the  debridement  process.  If  unrecognized  at  the 
time  of  wound  closure,  a  deep  infection  may  develop  and  a  potentially  salvageable  limb 
may  ultimately  require  an  amputation.  The  converse  may  also  be  true:  Accurate 
assessment  of  tissue  viability  may  help  avoid  unnecessary  debridement  procedures, 
thus  minimizing  costs  and  complications  associated  with  additional  surgical  procedures. 

In  summary,  to  both  accurately  select  which  wounds  are  amenable  to  closure,  and  to 
minimize  the  number  of  debridements  necessary,  the  need  for  an  accurate  and 
objective  method  for  determining  wound  healing  is  evident. 

The  purpose  of  this  study  was  to  integrate  two  non-invasive,  rapid,  and  low-cost 
techniques  to  develop  an  objective  and  quantitative  model  of  wound  perfusion  and 
tissue  viability  that  could  be  used  to  evaluate  high-energy  penetrating  wounds,  during 
the  serial  debridement  process.  Integrating  thermal  and  3-charge  coupled  device  (3- 
CCD)  imaging  techniques  allows  us  to  visually  and  quantitatively  identify  and  track 
regions  of  tissue  oxygenation  and  perfusion  as  they  change  in  real  time.  To  simulate 
the  different  types  of  injuries  sustained  by  wounded  service  members,  two  methods  are 
used  in  a  swine  limb  ischemia  model:  direct  occlusion  of  the  iliac  vessels  and 
pneumatic  tourniqueting  of  the  hind  limb.  Data  collected  from  this  study  gives  both  a 
surface  indication  of  tissue  oxygenation  as  well  as  overall  limb  perfusion.  The 
combined  data  analysis  provides  a  more  complete  indication  of  tissue  health. 

This  study  aims  to  not  only  increase  fundamental  understanding  of  the  processes 
involved  with  limb  ischemia  and  reperfusion,  but  also  develop  tools  to  monitor  overall 
limb  perfusion  and  tissue  oxygenation  in  a  clinical  setting.  A  rapid,  objective 
assessment  of  the  severity  and  extent  of  ischemic  damage  could  provide  surgeons  with 
accurate  information  regarding  overall  limb  viability  as  well  as  the  appropriate  timing  of 
wound  closure.  Reducing  the  number  of  surgical  interventions  required  has  the  obvious 
benefits  of  reducing  hospital  costs  and  patient  distress. 

9.  Nicole  J.  Crane,  Rajiv  Luthra,  Jonathan  A.  Forsberg,  Eric  Elster.  Predicting  Wound 
Outcome  from  Raman  Spectroscopic  Data:  Univariate  versus  Multivariate 
Techniques.  IEEE  AIPR.  Washington,  DC:  October  2012. 
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10.  Nicole  J.  Crane,  Rajiv  Luthra,  Emily  Valaik,  Jonathan  Forsberg,  Eric  A.  Elster. 
Chronicling  Wound  Healing  with  Raman  Spectroscopy.  Eastern  Analytical 
Symposium:  Somerset,  NJ,  November  2012. 
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Using  multimodal  imaging  techniques  to  monitor  limb  ischemia:  a  rapid  noninvasive 
method  for  assessing  extremity  wounds.  Photonics  West:  San  Francisco,  CA, 
February  2013. 

Over  70%  of  military  casualties  resulting  from  the  current  conflicts  sustain  major 
extremity  injuries.  Of  these  the  majority  are  caused  by  blasts  from  improvised  explosive 
devices.  The  resulting  injuries  include  traumatic  amputations,  open  fractures,  crush 
injuries,  and  acute  vascular  disruption.  Critical  tissue  ischemia — the  point  at  which 
ischemic  tissues  lose  the  capacity  to  recover — is  therefore  a  major  concern,  as  lack  of 
blood  flow  to  tissues  rapidly  leads  to  tissue  deoxygenation  and  necrosis.  If  left 
undetected  or  unaddressed,  a  potentially  salvageable  limb  may  require  more  extensive 
debridement  or,  more  commonly,  amputation.  Predicting  wound  outcome  during  the 
initial  management  of  blast  wounds  remains  a  significant  challenge,  as  wounds 
continue  to  “evolve”  during  the  debridement  process  and  our  ability  to  assess  wound 
viability  remains  subjectively  based.  Better  means  of  identifying  critical  ischemia  are 
needed. 

We  developed  a  swine  limb  ischemia  model  in  which  two  imaging  modalities  were 
combined  to  produce  an  objective  and  quantitative  assessment  of  wound  perfusion  and 
tissue  viability.  By  using  3  Charge-Coupled  Device  (3CCD)  and  Infrared  (IR)  cameras, 
both  surface  tissue  oxygenation  as  well  as  overall  limb  perfusion  could  be  depicted.  We 
observed  a  change  in  mean  3CCD  and  IR  values  at  peak  ischemia  and  during 
reperfusion  correlate  well  with  clinically  observed  indicators  for  limb  function  and  vitality. 
After  correcting  for  baseline  mean  R-B  values,  the  3CCD  values  correlate  with  surface 
tissue  oxygenation  and  the  IR  values  with  changes  in  perfusion. 

This  study  aims  to  not  only  increase  fundamental  understanding  of  the  processes 
involved  with  limb  ischemia  and  reperfusion,  but  also  to  develop  tools  to  monitor  overall 
limb  perfusion  and  tissue  oxygenation  in  a  clinical  setting.  A  rapid  and  objective 
diagnostic  for  extent  of  ischemic  damage  and  overall  limb  viability  could  provide 
surgeons  with  a  more  accurate  indication  of  tissue  viability.  This  may  help  reducing  the 
number  of  surgical  interventions  required,  by  aiding  surgeons  in  identifying  and 
demarcating  areas  of  critical  tissue  ischemia,  so  that  a  more  adequate  debridement 
may  be  performed.  This  would  have  obvious  benefits  of  reducing  patient  distress  and 
decreasing  both  the  overall  recovery  time  and  cost  of  rehabilitation. 

12.  Nicole  Crane.  Real-time  capability  of  spectroscopy  and  imaging  to  evaluate 
musculoskeletal  tissue.  World  Molecular  Imaging  Congress:  Savannah,  GA, 
September  201 3. 
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Introduction 

he  term  heterotopic  ossification  refers  to  the  aberrant  forma¬ 
tion  of  mature,  lamellar  bone  in  nonosseous  tissue.  Trans¬ 
lated  from  its  Greek  ( heteros  and  topos )  and  Latin  ( ossificatio ) 
etymologic  origins,  heterotopic  ossification  can  be  literally  de¬ 
fined  as  “bone  formation  in  other  location.”  The  first  written 
account  of  heterotopic  ossification  describes  the  treatment  of 
symptomatic  lesions.  Al-Zahrawi  (more  commonly  known  in 
Western  cultures  as  Albucasis),  widely  considered  the  father  of 
surgery,  wrote  in  the  year  1000  C.E.,  “This  callus  often  occurs  after 
the  healing  of  a  fracture. .  .and  sometimes  there  is  limitation  of 
the  natural  function  of  the  limb. .  .if  the  callus  is  stony  hard  and  its 
removal  is  urgent,  incise  the  place  and  cut  away  the  superfluous 
prominence,  or  pare  it  away  with  a  scraper  until  it  is  gone;  and 
dress  the  wound  until  it  heals.”1  Currently,  orthopaedic  surgeons 
faced  with  treating  mature,  refractory,  symptomatic  heterotopic 
ossification  are  left  with  few  options  other  than  operative  excision. 
Although  it  is  remarkable  that  the  treatment  of  heterotopic  os¬ 
sification  has  scarcely  changed  in  the  last  millennium,  it  is  gen¬ 
erally  accepted  that  prophylaxis  against  heterotopic  ossification  is 
far  preferable  than  the  later  treatment  of  symptomatic  lesions.  As 
such,  the  focus  of  scientific  effort  in  recent  years  has  been  directed 
toward  prophylaxis,  not  treatment. 

The  formation  of  heterotopic  ossification  has  been  ob¬ 
served  following  total  hip  arthroplasty,  acetabular  and  elbow 
fracture  surgery,  electrocution  and  burn  injuries,  and  traumatic 
brain  injury  or  spinal  cord  injury2.  Following  most  traumatic 
injuries  in  the  civilian  population,  the  formation  of  heterotopic 
ossification  is  relatively  rare  in  the  absence  of  head  injury.  Even 
following  traumatic  brain  injury  or  spinal  cord  injury,  hetero¬ 
topic  ossification  develops  in  only  20%  and  11%  of  patients, 
respectively3.  Rates  of  heterotopic  ossification  formation  exceed 
50%  only  in  the  setting  of  femoral  shaft  fractures  with  con¬ 


comitant  head  injury4,  although  reported  rates  following  ace¬ 
tabular  and  elbow  fractures  vary  substantially.  Numerous 
combat- related  injury  and  amputation  studies  from  the  latter 
half  of  the  twentieth  century  make  no  specific  mention  of 
heterotopic  ossification,  suggesting  that  it  was  not  a  common 
occurrence  in  prior  conflicts5'8.  However,  military  medical  texts 
from  the  U.S.  Civil  War  and  World  War  I9,10  make  specific 
mention  of  heterotopic  ossification  as  a  common  problem 
following  amputation,  as  described  by  Huntington:  “. .  .the 
stumps  became  conical  sooner  or  later;  short  stumps  some¬ 
times  remained  well-rounded,  long  stumps  rarely;  but  when 
they  remained  full  it  was  often  due  to  osteophytes,  which  in 
time  became  troublesome.”10 

Thus,  since  the  birth  of  both  surgery  and  modern  war¬ 
fare,  heterotopic  ossification  has  been  recognized  as  a  nameless 
condition  that  occurs  following  trauma.  Indeed,  in  the  current 
conflicts  in  Iraq  and  Afghanistan,  heterotopic  ossification  has 
proven  to  be  a  frequent  occurrence  and  a  common  clinical 
problem.  The  goals  of  the  present  manuscript  are  to  summarize 
recent  findings  and  the  current  state  of  science  with  regard  to 
combat- related  heterotopic  ossification  as  well  as  to  present  the 
preliminary  findings  of  ongoing  studies  and  future  directions. 

Source  of  Funding 

The  aforementioned  studies  were  supported,  in  part,  by  research 
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Epidemiology  of  and  Risk  Factors  for  Combat-Related 
Heterotopic  Ossification 

he  trend  in  modern  warfare  has  shifted  toward  a  higher 
percentage  of  extremity  injuries11'18.  This,  coupled  with  the 
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introduction  of  improved  body  armor,  the  judicious  use  of  tour¬ 
niquets,  and  the  availability  of  forward-deployed  surgical  units, 
has  given  rise  to  highly  survivable  yet  paradoxically  devastating 
extremity  injury  patterns19,20.  As  a  result,  the  current  prevalence 
of  heterotopic  ossification  has  been  found  to  be  higher  than 
expected  in  the  combat-wounded  patient  population21'23. 

We  were  the  first  to  report  this  increased  prevalence  of 
heterotopic  ossification  in  a  cohort  of  330  patients  with  373 
combat- related  amputations,  which  are  an  important  subset  of 
combat  casualties23.  The  study  evaluated  whether  the  mecha¬ 
nism  of  injury  (blast  or  nonblast)  correlated  with  either  the 
presence  or  severity  of  hetero topic  ossification.  Surgery- related 
variables,  such  as  the  level  of  amputation  (either  within  or 
proximal  to  the  zone  of  injury),  the  number  of  irrigation  and 
debridement  procedures,  the  time  from  injury  to  definitive 
wound  closure,  and  the  prevalence  of  early  wound  compli¬ 
cations  following  definitive  closure,  were  also  evaluated.  The 
study  found  clinically  detectable  heterotopic  ossification  in 
63%  of  residual  limbs  and,  with  the  use  of  univariate  analysis, 
identified  the  following  important  risk  factors  for  the  eventual 
development  of  heterotopic  ossification:  blast  mechanism  of 
injury  (p  <  0.05),  and  amputations  performed  in  the  zone  of 
injury  (p  <  0.05).  The  latter  risk  factor  also  correlates  with  the 
severity  of  lesions,  with  use  of  the  newly  described  Walter  Reed 
Classification  of  heterotopic  ossification23  (Figs.  1-A,  1-B,  and 
1-C).  Interestingly,  only  twenty- five  limbs  (6.7%)  required 
surgical  excision  of  symptomatic  lesions  and  a  variety  of  pro¬ 
phylactic  measures  against  secondary  recurrence  were  used, 
including  a  single  fraction  of  radiation  therapy  (700  cGy),  in- 
domethacin,  cyclooxygenase  (COX) -2  inhibitors,  and  other  non¬ 
steroidal  anti-inflammatory  drugs.  Importantly,  despite  the 
various  means  of  secondary  prophylaxis  used,  the  rate  of 
symptomatic  recurrence  in  this  subgroup  was  low  at  0%. 

We  also  defined  the  prevalence  of  heterotopic  ossification 
in  a  separate  cohort  of  patients  with  combat- related  extremity 
trauma  requiring  orthopaedic  intervention21.  Two  hundred  and 
forty-three  patients  requiring  amputation,  external  fixation,  or 
internal  fixation  were  evaluated.  This  cohort  study  compared 
157  patients  who  developed  hetero  topic  ossification  (the  study 
group)  to  eighty- six  patients  who  did  not  (the  control  group). 
This  design  enabled  us  to  estimate  the  prevalence  of  hetero  topic 
ossification  not  only  in  amputees  (66%  of  lower- extremity  am¬ 
putees  and  30%  of  upper- extremity  amputees),  but  also  in  pa¬ 
tients  undergoing  limb  salvage  (60.1%).  The  findings  from  the 
former  study21  corroborated  our  earlier  findings23.  The  data  from 
the  later  study21  suggested  that  combat- related  injuries,  in  gen¬ 
eral,  are  associated  with  a  higher-than-expected  prevalence  of 
heterotopic  ossification,  when  compared  with  civilian  data3,4,24'29. 

This  study21  also  identified  several  important  risk  factors 
for  the  development  of  heterotopic  ossification  in  this  patient 
population.  Traumatic  brain  injury  was  associated  with  both  the 
presence  (p  =  0.006)  and  the  severity  (p  =  0.003)  of  hetero  topic 
ossification  on  univariate  but  not  multivariate  analysis.  Regres¬ 
sion  analysis  revealed  that  the  Injury  Severity  Score  (as  a  con¬ 
tinuous  variable)  and  an  Injury  Severity  Score  of  >16  (p  =  0.02, 
odds  ratio  =  2.2)  were  significant  predictors,  as  was  multiple 
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limb  trauma  requiring  orthopaedic  intervention  (p  =  0.002, 
odds  ratio  =  3.9).  The  most  striking  observation,  however,  was 
that  the  presence  of  an  amputation  was,  itself,  independently 
associated  with  the  development  of  heterotopic  ossification 
(p  =  0.048,  odds  ratio  =  2.9). 

The  association  between  heterotopic  bone  growth  and  the 
number  and  method  of  surgical  debridement  procedures,  in¬ 
cluding  the  use  of  negative-pressure  wound  therapy,  is  contro¬ 
versial.  We  have  observed,  on  univariate  analysis,  that  patients 
who  subsequently  developed  heterotopic  ossification  have  un¬ 
dergone  more  debridement  procedures  (p  <  0.001)  and  thus  have 
been  exposed  to  a  longer  duration  of  negative-pressure  wound 
therapy  (p  <  0.001  )21.  Nevertheless,  these  results  should  be  in¬ 
terpreted  with  caution  because  the  increases  in  both  the  number 
of  debridement  procedures  and  the  duration  of  negative-pressure 
wound  therapy  are  likely  more  indicative  of  the  severity  of  injury 
than  they  are  causal.  This  is  supported  by  the  nonsignificant 
relationship  between  the  formation  of  ectopic  bone  and  these 
wound-care  modalities  as  revealed  by  multivariate  analysis21. 
Although  local  factors  may  play  a  supporting  role,  current 
data21,23  suggest  that  the  development  of  hetero  topic  ossifica¬ 
tion  in  this  patient  population  is  largely  due  to  systemic  factors. 

Barriers  to  Primary  Prophylaxis 

iven  the  high  prevalence  of  combat- related  hetero  topic 
ossification  in  our  war- wounded  patients,  a  primary  pro¬ 
phylaxis  regimen  including  radiation  therapy,  conventional 
nonsteroidal  anti-inflammatory  drugs,  and/or  etidronate  (an 
older,  nonselective  bisphosphonate  and  the  only  medication 
currently  approved  by  the  U.S.  Food  and  Drug  Administration 
for  the  treatment  or  prevention  of  heterotopic  ossification) 
would  be  extremely  appealing.  Local  radiation  therapy,  gen¬ 
erally  administered  within  twenty- four  hours  preoperatively  to 
forty-eight  hours  postoperatively  in  patients  at  risk  for  hetero¬ 
topic  ossification,  and  nonsteroidal  anti-inflammatory  drugs 
have  well- documented  efficacy  in  the  prevention  of  primary 
heterotopic  ossification21,23,30'40.  Recent  meta-analyses  and  re¬ 
views  have  suggested  that  radiation  therapy  may  be  slightly 
more  effective  than  nonsteroidal  anti-inflammatory  drugs  for 
this  purpose,  although  most  of  this  difference  is  thought  to  be 
related  to  patient  noncompliance  with  medication35,41.  Unfor¬ 
tunately,  the  vast  majority  of  severely  injured  combatants  have 
multiple  medical  contraindications  to  prophylaxis  against 
heterotopic  ossification  that  make  the  interventions  listed 
above  difficult  to  accomplish.  Commonly  encountered  relative 
and  absolute  contraindications  to  prophylaxis  against  hetero¬ 
topic  ossification  include  severe  systemic  polytrauma,  open 
and  contaminated  wounds,  concomitant  traumatic  brain  in¬ 
jury  and/or  long  bone  fractures  or  spinal  column  injuries  re¬ 
quiring  operative  stabilization  and  fusion,  and  the  need  for 
serial  surgical  procedures.  Additionally,  substantial  potential 
for  impaired  renal  function,  bleeding,  and  stress  gastritis  have 
precluded  widespread  use  of  nonsteroidal  anti-inflammatory 
drugs  to  date.  Logistical  limitations  at  remote,  far-forward 
medical  facilities  in  the  theater  of  war  are  additional  hurdles, 
particularly  for  the  timely  administration  of  radiation  therapy. 
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Fig.  1-A  Fig.  1-B 


Figs.  1-A,  1-B,  and  1-C  Representative  radiographs  de¬ 
picting  the  Walter  Reed  classification  system  for  grading  the 
severity  of  heterotopic  ossification  in  the  residual  limbs  of 
amputees.  The  severity  of  heterotopic  ossification  is  graded 
on  the  basis  of  the  single  radiographic  projection  (either 
anteroposterior  or  lateral)  that  demonstrates  the  greatest 
amount  of  ectopic  bone  within  the  soft  tissues  of  the  re¬ 
sidual  limb.  The  heterotopic  ossification  is  considered  to  be 
(Fig.  1-A)  Grade  I  (mild)  if  it  occupies  <25%  of  the  cross- 
sectional  area  of  the  residual  limb  on  the  radiograph;  (Fig.  1-B) 
Grade  II  (moderate)  if  it  occupies  25%  to  50%  of  the  cross- 
sectional  area;  and  (Fig.  1-C)  Grade  III  (severe)  if  it  occupies 
>50%  of  the  cross-sectional  area. 


Fig.  1-C 


Etidronate  can  be  administered  later  in  the  period  after  injury, 
but  there  can  be  problems  with  late  mineralization  or  forma¬ 
tion  of  heterotopic  ossification  after  the  cessation  of  medica¬ 
tion.  Thus,  the  efficacy  of  etidronate  has  recently  been  called 
into  question  by,  among  others,  a  recent  Cochrane  Database 
review42.  Etidronate  is  also  a  relatively  nonselective  osteoclast 
inhibitor,  potentially  owing  its  limited  efficacy  to  osteoblast  in¬ 


hibition,  and  may  inhibit  fracture-healing  and  spinal  fusion. 
Corticosteroids,  colchicine,  retinoid  agonists,  coumarin  deriva¬ 
tives,  and  calcitonin  have  all  been  studied  for  their  value  with 
regard  to  prophylaxis  against  heterotopic  ossification;  however, 
the  data  on  human  usage  is  either  limited  or  absent  and  these 
drugs  share  many  of  the  same  medical  concerns  and  contrain¬ 
dications  as  nonsteroidal  anti-inflammatory  drugs23,43'48.  Thus,  no 
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practicable  primary  prophylactic  regimen  for  combat- related 
heterotopic  ossification  has  been  identified,  although  a  trial  of  the 
COX- 2  inhibitor  celecoxib  is  in  development,  as  discussed  below. 

Clinical  Sequelae  of  Combat-Related 
Heterotopic  Ossification 

ortunately,  some  patients  with  combat- related  hetero topic 
ossification  remain  entirely  asymptomatic  and  no  specific 
treatment  is  indicated.  In  many  others,  lesions  are  transiently 
painful  or  bothersome  and  symptoms  subside  as  adjacent  joint 
motion  improves,  residual  limb  “toughening”  occurs,  and  the 
combat-related  heterotopic  ossification  transitions  from  its  more 
inflammatory  formative  phase  into  a  more  quiescent  maturation 
phase.  Many  patients,  however,  develop  symptoms  directly  at¬ 
tributable  to  their  combat- related  heterotopic  ossification  that 
persist  indefinitely.  These  symptoms  may  be  localized  pain,  in¬ 
cluding,  but  not  limited  to,  residual  limb  pain  and  prosthetic 
fitting  difficulties;  ulceration,  particularly  when  the  combat- 
related  heterotopic  ossification  develops  beneath  an  overlying 
skin  graft  (Figs.  2-A  and  2-B);  overt  joint  ankylosis;  secondary 
arthrofibrosis  due  to  osseous  impingement  (Figs.  3-A  and  3-B); 
muscle  entrapment  (Fig.  4);  or  neurovascular  entrapment  (Figs. 
5-A  and  5-B).  The  treatment  of  symptomatic  combat- related 
heterotopic  ossification  is  individualized  to  the  patient  and  the 
symptoms  associated  with  their  combat-related  heterotopic 
ossification. 

Management  of  Symptomatic  Combat-Related 
Heterotopic  Ossification 

n  the  absence  of  overt  ulceration  causing  concomitant  deep 
infection  or  overt  joint  ankylosis,  the  initial  management  of 
symptomatic  combat- related  heterotopic  ossification  is  nonop¬ 
erative.  This  generally  includes  a  period  of  rest,  physical  therapy, 
and  gentle  stretching  and  splinting  to  treat  secondary  contrac¬ 
tures.  Taking  pressure  off  of  symptomatic  areas  by  positioning, 
pads  or  prosthetic  socket  adjustments,  and  optimizing  pain 
control  and  medication  regimens  are  also  important.  Other 
potentially  contributing  causes  of  pain  should  be  investigated 
and  treated  appropriately  including  infection,  fracture  non¬ 
union,  internal  derangement  of  adjacent  joints,  symptomatic 
neuromata,  phantom  pain,  and  complex  regional  pain  syndrome. 
When  nonoperative  measures  fail,  concurrent  procedures  in  ad¬ 
dition  to  “simple”  heterotopic  ossification  excision  are  often  in¬ 
dicated  and  appropriate  including  amputation  revision,  neuroma 
excision,  quadricepsplasty,  contracture  release,  and/or  skin  graft 
excision.  The  most  common  indications  for  excision  of  combat- 
related  heterotopic  ossification  in  our  military  patients  are  pain 
that  is  caused  by  wearing  a  prosthesis  and  that  has  proven  to  be 
refractory  to  multiple  socket  adjustments,  and  arthrofibrosis  in 
patients  for  whom  limb  salvage  will  be  attempted. 

Abundant  recent  evidence  suggests  that  a  prolonged  wait¬ 
ing  period  of  twelve  to  twenty-four  months  for  heterotopic  os¬ 
sification  “maturation”  prior  to  excision  is  not  necessary  in  the 
post- extremity  trauma  setting,  particularly  in  the  absence  of 
traumatic  injury  to  the  brain  or  spinal  cord23,49'58.  Instead,  a 
waiting  period  of  six  months  after  injury  appears  to  be  adequate 
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to  permit  sufficient  bone  maturation  to  ensure  the  presence  of  a 
gross  cortical  rind  to  facilitate  marginal  excision  and  to  permit  a 
diligent  trial  of  nonoperative  treatments.  Patients  with  recalci¬ 
trant  ulcerations  or  severe  secondary  joint  contractures  may  be¬ 
come  operative  candidates  as  early  as  three  to  four  months  after 
injury. 

Operative  Planning  and  Three-Dimensional  Modeling 

he  operative  approach  to  combat- related  heterotopic  ossi¬ 
fication  must  account  for  the  local  anatomy,  the  location 
and  severity  of  the  heterotopic  ossification,  and  the  patient  s 
prior  wounds  and  incisions.  We  advocate  a  direct  approach 
utilizing,  when  feasible,  existing  incisions,  followed  by  marginal 
excision  of  the  symptomatic  lesion(s).  The  entirety  of  the  het¬ 
erotopic  ossification  need  not  be  removed  when  the  patient  s 
symptoms  are  focal,  particularly  when  access  to  the  entire  lesion 
would  be  difficult  and  the  combat- related  hetero  topic  ossifica¬ 
tion  has  a  mature  cortical  shell.  Wide  excision  to  prevent  re¬ 
currence  would  not  be  feasible  in  most  patients  because  of  the 
magnitude  of  tissue  sacrifice  that  would  be  required.  We  have 
noted  infrequent  recurrences  following  excision  about  the  el¬ 
bow,  but  no  symptomatic  recurrences  in  residual  limbs  or  about 
the  thigh  in  more  than  100  patients  (unpublished  data).  This 
surgical  approach  has  been  coupled  with  the  judicious  use  of 
secondary  prophylaxis  with  nonsteroidal  anti-inflammatory 
drugs.  The  decision  was  made  to  incorporate  the  use  of  sec¬ 
ondary  prophylaxis  into  our  treatment  protocol  because  of  the 
high  rate  of  wound  complications  in  our  initial  series  of  am¬ 
putees  who  were  treated  with  radiation,  which  is  used  along 
with  nonsteroidal  anti-inflammatory  drugs  in  patients  with  the 
most  severe  conditions23,38.  However,  the  prognosis  for  con¬ 
comitant  excision  and  quadricepsplasty  of  the  thigh  for  treat¬ 
ment  of  combat- related  hetero  topic  ossification  is  guarded  as  a 
result  of  anecdotally  high  rates  of  wound  complications,  re¬ 
current  arthrofibrosis,  extensor  mechanism  compromise,  or 
preexisting  arthrosis  due  to  prior  fractures,  prolonged  immo¬ 
bilization,  or  ankylosis. 

Computed  tomography-based  three-dimensional  model¬ 
ing  is  very  useful  in  the  evaluation  and  treatment  of  symptomatic 
combat- related  heterotopic  ossification  (Figs.  6-A  and  6-B). 
Clinically,  it  is  useful  for  allowing  patients,  therapists,  and  pros¬ 
thetists  to  anatomically  localize  symptomatic  areas  and  take  ef¬ 
forts  to  avoid  irritation  through  the  use  of  activity  modification, 
prosthetic  socket  relief,  or  model-assisted  stereolithographic 
socket  design.  For  the  patient  with  symptomatic  combat-related 
heterotopic  ossification,  resin  models  are  useful  for  both  preop¬ 
erative  planning  and  intraoperative  referencing.  The  formation  of 
combat-related  heterotopic  ossification  distorts  normal  anatomy, 
placing  critical  neurovascular  structures  and  muscle  groups  at 
risk  for  inadvertent  injury.  In  some  instances,  major  nerves  and 
vessels  may  pass  directly  through  and  be  incarcerated  in  the 
combat- related  heterotopic  ossification.  The  physical  resin  mod¬ 
els  serve  as  intraoperative  anatomical  guides  that  are  based  on 
heterotopic  ossification  topography.  This  is  particularly  helpful 
for  patients  in  whom  the  condition  is  severe  or  for  patients 
in  whom  excision  of  the  focal,  symptomatic  comb  at- related 
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Fig.  2-B 


Fig.  2-A  Clinical  photograph  demonstrating  overt  ulceration  of  split-thickness  skin  graft  of  a  transfemoral  amputation  due  to  underlying  heterotopic  ossification. 
Fig.  2-B  Intraoperative  photograph  during  marginal  excision  of  the  heterotopic  ossification  with  concurrent  revision  of  the  amputation  in  the  same  patient. 


heterotopic  ossification  is  attempted  in  an  effort  to  avoid  com¬ 
plete  takedown  of  the  myodesis  and  revision  of  the  amputation 
stump. 

Biochemical  Signature  of  Heterotopic  Ossification 

t  is  generally  accepted  that  systemic  inflammation  is  as¬ 
sociated  with  the  development  of  heterotopic  ossification. 
Evans  et  al.59  examined  the  systemic  and  local  wound  inflam¬ 
matory  response  in  twenty-four  patients  with  high-energy  pen¬ 
etrating  extremity  wounds.  In  preparation  for  the  development  of 


a  prognostic  clinical  decision  model,  the  goal  of  this  pilot  study 
was  to  identify  whether  a  particular  cytokine  and  chemokine 
profile  could  be  identified  in  those  at  risk  of  developing  het¬ 
erotopic  ossification.  Serum  and  wound  effluent  samples  were 
collected  prior  to  each  of  these  procedures  in  a  manner  pre¬ 
viously  described60,61.  Twenty-two  cytokines  and  chemokines 
(including  interleukin  [IL]  - 1  through  8,  10,  12,  13,  and  15; 
interferon  [IFN]-y;  eotaxin;  tumor  necrosis  factor  [TNF]-a; 
monocyte  chemotactic  protein  [MCP]-1;  granulocyte  colony 
stimulating  factor  [GCSF];  macrophage  inflammatory  protein 
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Fig.  3-A  Fig.  3-B 


Figs.  3-A  and  3-B  Anteroposterior  radiograph  (Fig.  3-A)  and  sagittal  computed  tomography  reconstruction  (Fig.  3-B)  of  a  transfemoral  amputation  with  limited 
hip  flexion  due  to  direct  impingement  of  severe  heterotopic  ossification  against  the  anterior  pelvic  brim  and  acetabulum. 


[MIP]-la;  the  protein  regulated  on  activation,  normal  T  ex¬ 
pressed  and  secreted  [RANTES];  and  ILN-y  inducible  protein- 
10)  were  quantified.  After  a  minimum  follow-up  of  two 
months,  subjects  were  then  stratified  according  to  a  two-author 
(K.N.E.  and  J.A.F.)  blinded  review  of  radiographs  into  a  study 
group  and  a  control  group,  on  the  basis  of  the  presence 
or  absence  of  heterotopic  ossification  within  the  wounded 
extremity. 

Serum  analysis  demonstrated  a  profound  systemic  in¬ 
flammatory  response  in  the  study  group.  Of  the  twenty-two 
serum  cytokines  and  chemokines  analyzed,  only  three  (IL-6, 
IL-10,  and  human  MCP-1  [also  known  as  chemokine  (C-C 
motif)  ligand  2,  or  CCL-2])  differed  significantly  between 
the  two  groups  (unpublished  data).  Specifically,  IL-6  re¬ 
mained  elevated  at  all  time  points,  as  did  MCP-1.  Both  are 
inflammatory  agents  and  recruit  monocytes  and  macrophages 
to  the  site(s)  of  injury,  indicating  sustained  inflammation 
throughout  the  debridement  process.  MCP-1,  however,  is  also 
involved  in  bone  remodeling  and  may  be  an  early  indicator  of 
this  process.  Interestingly,  concentrations  of  IL-10,  an  anti¬ 
inflammatory  cytokine  that  is  important  in  inhibiting  the 
production  of  pro-inflammatory  cytokines,  became  signifi¬ 
cantly  more  concentrated  in  the  study  group  approximately 
two  weeks  after  injury,  as  compared  that  in  the  control  group. 
The  late  upregulation  of  this  anti-inflammatory  mediator  also 
signifies  the  presence  of  persistent  systemic  inflammation 
and  supports  our  previous  observation62  that  the  systemic 


inflammatory  response  in  this  patient  population  has  aberrant 
regulation. 

An  analysis  of  the  local  wound  effluent  during  the  serial 
debridement  process  produced  similar  findings.  Wounds  that 
developed  heterotopic  ossification  expressed  significantly 
higher  concentrations  of  MIP-la  and  lower  concentrations  of 
ILN- 7 -inducible  protein- 10  in  the  study  group  as  compared 
with  controls.  Although  both  are  considered  pro -inflammatory, 
their  prolonged,  discordant  expression,  without  a  demonstra¬ 
ble  compensatory  anti-inflammatory  component,  also  appears 
dysregulated.  The  change  in  the  regulation  of  the  inflammatory 
response  that  was  observed  systemically  also  seems  to  persist 
within  the  local  wound  environment.  As  such,  the  association 
between  these  biomarkers  and  heterotopic  ossification  may  not 
simply  be  related  to  the  difference  in  concentration  between 
the  two  groups,  but  rather,  the  relationship  between  pro- 
inflammatory  and  anti-inflammatory  mediators  as  well  as  their 
relative  time-dependent  concentrations  as  measured  through¬ 
out  the  debridement  process. 

Progenitor  Cell  Research 

he  cellular  and  biochemical  etiology  and  pathophysiology 
of  heterotopic  ossification  remain  unclear.  A  postulate 
theory  is  that  heterotopic  ossification  results  from  the  presence 
of  osteoprogenitors  that  pathologically  are  induced  by  an  im¬ 
balance  of  local  and/or  systemic  factors  in  soft  tissue  following 
traumatic  injury.  It  is  thought  that  a  systemic  increase  in  the 
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Fig.  4 

Lateral  radiograph  of  the  distal  part  of  the  femur  of  a 
patient  with  fractures  of  the  femoral  shaft  and  tibial 
plateau,  above  a  transtibial  amputation.  The  radiograph 
shows  arthrofibrosis  of  the  knee  joint  secondary  to  en¬ 
trapment  of  the  quadriceps  muscle  by  heterotopic  ossi¬ 
fication  at  the  anterior  portion  of  the  femur,  extending 
from  the  femoral  shaft  fracture  callus.  The  patient  had 
only  10°  of  total  knee  motion  (5°  to  15°)  at  eight  months 
after  a  blast  injury.  He  underwent  excision  of  the  hetero¬ 
topic  ossification  with  concurrent  release  of  the  knee  and 
quadricepsplasty  and  achieved  an  intraoperative  range  of 
motion  of  0°  to  115°.  Following  a  subsequent  manipu¬ 
lation  under  anesthesia  at  seven  weeks  postoperatively, 
the  patient  was  able  to  maintain  a  range  of  motion  of  0°  to 
105°.  In  our  experience,  however,  such  results  are  not 
typical,  with  frequent  recurrence  of  arthrofibrosis,  infec¬ 
tion,  and/or  compromise  of  the  extensor  mechanism, 
generally  occurring  even  in  the  absence  of  recurrent 
heterotopic  ossification. 

osteogenic  potential  of  endogenous  muscle  progenitor  cells 
occurs  in  these  severely  injured  patients  in  the  immediate  pe¬ 
riod  after  trauma. 

Mesenchymal  stem  cells  are  multipotent,  adult  progen¬ 
itor  cells  of  great  interest  because  of  their  unique  immunologic 
properties  and  regenerative  potential63.  Mesenchymal  stem 
cells  reside  within  most  adult  connective  tissues  and  organs64. 
Muscle-derived  mesenchymal  progenitor  cells  have  been  shown 
to  be  inherently  plastic,  enabling  them  to  differentiate  along 
multiple  lineages;  they  promote  wound-healing  and  regeneration 


of  surrounding  tissues  by  migrating  to  the  site  of  injury,  pro¬ 
moting  repair  and  regeneration  of  damaged  tissue,  modulating 
immune  and  inflammatory  responses,  stimulating  the  prolif¬ 
eration  and  differentiation  of  resident  progenitor  cells,  and 
secreting  other  trophic  factors  that  are  important  in  wound¬ 
healing  and  tissue  remodeling63,65'68.  Several  recent  reports  de¬ 
scribe  the  isolation  and  characterization  of  extensively  passaged 
mesenchymal  cell-like  progenitor  cells  (MPCs)  isolated  from 
tissue  collected  following  surgical  debridement  of  traumatic 
orthopaedic  extremity  wounds67,69'71.  Yet,  the  effects  of  acute  and 
often  prolonged  aberrant  inflammation62  on  muscle-derived 
mesenchymal  cells  are  unclear. 

We  speculate  that  the  initiation  of  heterotopic  ossification 
involves  a  complex  interplay  of  signaling  molecules  secreted 
from  the  injured  tissue.  Proliferation  and  recruitment  of  local 
and/or  circulating  progenitor  cells  and  the  aberrant  commit¬ 
ment,  growth,  and  differentiation  of  these  cells  into  bone  occur 
early  in  the  process  of  wound-healing  and  repair.  In  a  series  of 
preliminary  studies,  we  have  found  that  wound  effluent  col¬ 
lected  strictly  from  patients  with  heterotopic  ossification  at  times 
of  early  wound  debridement  is  highly  osteogenic,  which  accel¬ 
erates  the  directed  in  vitro  osteogenic  differentiation  of  multi¬ 
potent  bone-derived  mesenchymal  stem  cells  in  culture  (Fig.  7). 
In  contrast,  mesenchymal  stem- cell  cultures  treated  with  wound 
effluent  alone,  without  exogenous  exposure  to  standard  induc¬ 
tion  media,  had  no  measurable  effect  on  the  induction  of  bone 
formation.  Therefore,  there  is  some  strong  preliminary  evidence 
that  severe  trauma  leads  to  the  release  and  delivery  of  osteogenic 
factors.  The  identity  of  these  factors  and  how  they  interact  with 
progenitor- cell  signaling  remain  unknown. 

Currently,  little  is  known  about  the  precursor  cell  to  het¬ 
erotopic  ossification  or  the  environment  that  permits  formation 
of  heterotopic  ossification.  Understanding  the  signaling  path¬ 
ways  and  the  involvement  of  MPC  differentiation  is  essential 
for  the  development  of  early  diagnostic  and  prognostic  tests 
and  the  development  of  novel  prophylactic  therapies.  We  have 
developed  a  unique  cell-isolation  process  and  in  vitro  culture 
system  to  easily  quantify  functionally  assayable  multipotent 
muscle-derived  progenitor  cells  at  the  clonal  level.  The  multi¬ 
potent  differentiation  capacity  of  individual  clonal  cell- derived 
colonies  can  be  easily  assessed  by  their  ability  to  undergo  os¬ 
teogenic,  chondrogenic,  and  adipogenic  differentiation  when 
incubated  with  specific  differentiation  induction  media.  Using 
this  system,  we  tested  the  hypothesis  that  endogenous  muscle- 
derived  progenitor  cells  following  severe  blunt  trauma  are 
greater  in  number  and  have  a  stronger  osteogenic  potential  in 
patients  in  whom  wound-healing  is  associated  with  the  for¬ 
mation  of  combat- related  heterotopic  ossification  than  in 
patients  whose  wounds  heal  uneventfully.  We  prospectively 
collected  wound  muscle  biopsies  during  debridements  of  ten 
active-duty  service  members  who  sustained  high-energy  pen¬ 
etrating  injuries  of  an  extremity  during  combat  operations. 
Ectopic  bone  formation  was  determined  by  follow-up  radio- 
graphic  assessment  at  various  intervals  during  the  recovery 
period  and  was  compared  with  culture  results.  We  also  col¬ 
lected  hamstring  muscle  as  control  tissue  from  five  healthy 
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Fig.  5- A 


Figs.  5-A  and  5-B  Lateral  radiograph  (Fig.  5-A)  and  axial 
computed  tomography  scan  (Fig.  5-B)  showing  a  femoral 
shaft  fracture.  Fracture-healing  was  complicated  by  hetero¬ 
topic  ossification,  which  caused  symptomatic  entrapment 
of  the  sciatic  nerve  (i.e.,  decreased  distal  motor  function 
and  dysesthesia  of  the  foot,  exacerbated  by  deep  knee 
flexion).  Partial  excision  of  the  heterotopic  ossification  was 
performed  along  with  neurolysis  and  decompression  of  the 
sciatic  nerve.  Distal  motor  and  sensory  function  were  re¬ 
tained,  and  the  patient’s  symptoms  abated. 


Fig.  5-B 


patients  undergoing  elective  anterior  cruciate  ligament  recon¬ 
struction  with  hamstring  autograft.  We  found  that  the  number 
of  adherent  colony- forming  progenitor  cells  that  could  be 
isolated  per  gram  of  tissue  from  wartime  wounds  was  pro¬ 
foundly  increased  (range,  thirty- twofold  to  fiftyfold)  compared 
with  the  number  in  the  uninjured  muscle  tissue  of  the  control 
group  (Fig.  8).  Quantification  of  progenitor  cells  with  osteo¬ 
genic  potential  showed  that  the  measured  2.3-fold  increase  in 
osteogenic  progenitors  in  tissue  from  patients  with  combat- 
related  heterotopic  ossification  compared  with  that  in  tissue 
from  patients  with  noncomb  at- related  heterotopic  ossification 
was  significant  (p  <  0.007)72.  Therefore,  these  findings  suggest 


that  wounds  that  present  with  a  higher  prevalence  of  resident 
assayable  osteoprogenitors  in  the  tissue,  presumably  supported 
through  local  and/or  systemic  reactions,  correlate  with  the 
eventual  formation  of  ectopic  bone  in  traumatized  tissue. 

Raman  Spectroscopy 

aman  spectroscopy  is  a  scattering  technique  that  can  be 
used  to  gain  information  about  the  structure  and  com¬ 
position  of  molecules  from  their  vibrational  transitions.  A 
Raman  spectrum  can  be  thought  of  as  a  chemical  “fingerprint” 
and  is  thought  of  as  a  complementary  technique  to  the  more 
widely  known  infrared  spectroscopic  techniques.  The  vibra- 


82 


The  Journal  of  Bone  8c  Joint  Surgery  -jbjs.org 
Volume  92-A  •  Supplement  2-2010 


Heterotopic  Ossification  Following 
Combat-Related  Trauma 


Fig.  6-A 


Figs.  6-A  and  6-B  Digital  three-dimensional  computed  tomography  reconstruction  (Fig.  6-A)  and  photograph  of  the  corresponding  life-size  three-dimensional 
resin  model  (Fig.  6-B)  of  both  residual  limbs  and  the  pelvis  of  a  blast-injured  bilateral  transfemoral  amputee  with  severe  heterotopic  ossification  of  both 
residual  limbs.  The  model  was  a  useful  reference  intraoperatively  during  the  staged  surgical  procedures  to  excise  the  heterotopic  ossification  and  revise  the 
amputation,  as  it  provided  a  “roadmap”  of  the  surface  topography  of  the  ectopic  bone. 


tional  (and  rotational)  bands  in  a  Raman  spectrum  are  specific 
to  the  chemical  bonds  and  particular  structure  of  the  mole¬ 
cule^)  being  investigated.  In  addition,  the  band  area  of  a 
Raman  vibrational  band  is  proportional  to  the  amount  of 
analyte  present.  Thus,  Raman  spectroscopy  can  identify  the 
components  that  are  present  and  quantify  the  amount  of  each 
component. 

Over  the  past  fifteen  years,  Raman  spectroscopy  has  be¬ 
come  an  attractive  technology  for  probing  biomedical  samples 
for  several  reasons.  First,  Raman  spectroscopy  can  be  used  to 
study  both  organic  and  inorganic  components  (i.e.,  protein  and 
mineral).  Second,  Raman  spectroscopy  can  be  applied  non- 
invasively.  Recent  in  vivo  Raman  spectroscopic  studies  include 
incorporation  of  a  Raman  probe  into  an  endoscope  for  ex¬ 
amination  of  the  esophagus  and  stomach73,74,  detection  of 
cervical  dysplasia75,  diagnosis  of  nonmelanoma  skin  cancer76, 
characterization  of  psoriatic  skin77,  observation  of  human- 
swine  coronary  xenografts  after  transplantation78,  measure¬ 


ment  of  macular  carotenoids  in  the  eye79'82,  and  transcutaneous 
monitoring  of  bone83.  Third,  most  biological  samples  contain 
water,  and  unlike  infrared  spectroscopy,  the  Raman  spectra  of 
biological  samples  do  not  suffer  from  spectral  interference  of 
water  vibrational  bands.  Fourth,  Raman  spectroscopy  is  a  scat¬ 
tering  technique,  requiring  very  little,  if  any,  sample  prepara¬ 
tion.  Finally,  the  technological  advances  during  the  past  fifteen 
years,  such  as  holographic  notch  filters,  small-form  diode  la¬ 
sers,  and  thermoelectrically  cooled  charge-coupled  device 
detectors,  have  enabled  the  production  of  less  expensive, 
compact,  and  portable  Raman  spectroscopic  systems. 

While  Raman  spectroscopy  has  been  used  extensively 
to  study  the  process  of  biomineralization84'98,  it  has  not  been 
previously  used  to  provide  insight  into  the  pathologic  process 
of  heterotopic  ossification.  We  have  collected  Raman  spectra 
of  uninjured  muscle,  injured  muscle,  and  combat-injured 
tissue  with  pre-heterotopic  ossification  (defined  as  palpably 
firm  or  “woody”  tissue  without  roentgenographic  evidence 
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Fig.  6-B 


of  heterotopic  ossification)  found  within  high-energy  pen¬ 
etrating  wounds  (Fig.  9).  When  comparing  uninjured  to  in¬ 
jured  muscle,  there  is  an  apparent  decrease  in  the  1340  and 
1320  cm"1  vibrational  bands  in  the  injured  muscle  as  well  as  an 
increase  in  the  1266  cm"1  vibrational  band.  This  suggests  collagen- 
specific  alterations  within  the  tissue,  as  a  result  of  traumatic 
injury.  In  one  case,  a  patient  exhibited  combat- injured  muscle 
with  pre- heterotopic  ossification  during  a  debridement  pro¬ 
cedure.  On  Raman  spectroscopic  examination,  it  was  clear  that 
the  tissue  was  indeed  mineralized,  even  in  “soft”  tissue  areas. 
Mineral  vibrational  bands  at  1070, 960,  and  591  cm1,  typical  of 
a  carbonated  apatite,  were  prominent  in  the  spectrum.  These 
vibrational  bands  are  attributed  to  the  phosphate  and  carbonate 
stretching  modes  of  bone".  Thus,  Raman  spectroscopy  can 
potentially  be  utilized  to  identify  areas  of  tissue  affected  by  early 
combat- related  hetero topic  ossification  as  well  as  areas  of  tissue 
that  may  be  predisposed  to  the  formation  of  combat-related 
heterotopic  ossification. 

Small  Animal  Model 

critical  hurdle  in  our  investigation  of  the  etiology,  treat¬ 
ment,  and  prevention  of  combat- related  heterotopic  os¬ 


sification  is  the  absence  of  a  reliable  and  reproducible  small 
animal  model  in  which  to  further  characterize  the  formation  of 
combat- related  hetero  topic  ossification,  potentially  identifying 
new  therapeutic  targets,  and  to  test  new  therapeutic  inter¬ 
ventions.  Currently,  several  small  animal  models  exist.  These 
models  include  the  forcible  passive  manipulation  of  the  hind- 
limbs  of  paralyzed  rabbits100,101;  implantation  of  Matrigel  (base¬ 
ment  membrane/collagen-IV  matrix;  BD  Biosciences,  Bedford, 
Massachusetts)  impregnated  with  recombinant  human  bone 
morphogenetic  protein  (rhBMP)-248  or  BMP-4102  in  genetically 
predisposed  mice;  implantation  of  genetically  engineered,  BMP- 
2 -producing  human  or  murine  fibroblasts  into  immunocom¬ 
promised  mice103;  and  crush  injury  of  the  quadriceps  augmented 
with  syngeneic  bone-marrow  stem  cells  in  inbred  rats104.  Our 
current  understanding  of  heterotopic  ossification  suggests  that 
these  models  have  important  limitations  that  may  make  them 
unsuitable  proxies  for  combat- related  heterotopic  ossification. 
Specifically,  these  models  all  lack  the  systemic  injury  (e.g.,  blast 
injury  and/or  traumatic  brain  injury)  components  commonly 
seen  in  injured  military  personnel  with  combat- related  hetero¬ 
topic  ossification.  Additionally,  no  induced  wound  with  associ¬ 
ated  bacterial  contamination  and  resulting  bioburden,  as  is  the 
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Fig.  7 

Microphotographs  of  commercially  available  adult  mesenchymal  stem  cells  (hMSC)  cultured  in  standard  bone  or  basal  media,  with  the  addition  of 
wound  effluent  from  blast-injured  patients  who  developed  heterotopic  ossification  at  the  same  site,  blast-injured  patients  who  did  not  develop  ectopic 
bone,  or  phosphate-buffered  saline  solution,  at  days  9  and  16  of  cell  culture.  Alizarin  red  (bone)  staining  (xlO  magnification)  demonstrated  increased 
osteogenesis  in  the  cells  cultured  with  wound  effluent  from  a  patient  who  developed  heterotopic  ossification.  HO  =  heterotopic  ossification,  and  PBS  - 
phosphate-buffered  saline. 


rule  rather  than  the  exception  for  combat  injuries,  is  associated 
with  these  models.  Moreover,  there  is  a  lack  of  general  agree¬ 
ment  within  the  current  literature  as  to  whether  all  inciting 
events  lead  to  heterotopic  ossification  via  the  same  cellular 
mechanisms  and  even  whether  all  heterotopic  ossification  oc¬ 
curs  via  enchondral  ossification2,22,105.  Finally,  these  models  are 
non-physiologic  in  that  they  artificially  induce  bone  growth 
in  the  soft  tissues  of  small  animals  through  augmentation  or 
manipulation  of  cellular  signals,  genetic  predispositions,  and/ 
or  cell  presence.  Previously  described  small-animal  models 
therefore  produce  ectopic  bone  growth  that  may  have  little,  if 
any,  relationship  to  the  clinical  heterotopic  ossification  that  is 
seen  in  human  patients  in  general  or  in  combat- injured  pa¬ 
tients  in  particular. 

We  have  conceived  of  a  physiologic  rodent  model  that  we 
hope  will  fill  this  research  gap.  Our  model  incorporates  blast 
exposure,  soft- tissue  crush  injury,  and  bacterial  contamination, 
augmented  with  one  of  several  additional  systemic  insults  to 
invoke  additional  systemic  inflammation.  The  fracture  com¬ 
ponent  will  be  omitted  to  limit  rodent  mortality  as  well  as  avoid 
confounding  results  due  to  exuberant  fracture  callus,  if  it  were 
to  occur.  It  is  our  hope  that  this  model  will  reliably  produce 
hetero topic  ossification  through  mechanisms  similar  to  that  seen 
in  our  combat-wounded  patients  and  that  it  will  allow  further 
characterization  of  this  pathologic  process.  Once  validated,  this 


model  may  permit  future  identification  of  novel  therapeutic 
targets  as  well  as  testing  of  various  described  and  original  ther¬ 
apeutic  modalities. 

Prospective  Randomized  Trial  of  Primary  Prophylaxis 
in  Combat-Injured  Patients 

s  noted,  due  to  medical  contraindications  and  logisti¬ 
cal  constraints,  no  practicable  primary  prophylaxis  reg¬ 
imen  has  yet  been  developed,  tested,  or  widely  utilized  in 
wounded  servicemen  despite  the  exceedingly  high  rate  of 
hetero  topic  ossification  in  this  population.  Recently,  COX- 2 
inhibitors  such  as  celecoxib  have  been  shown  to  be  safe  and 
efficacious  for  the  prevention  of  heterotopic  ossification  fol¬ 
lowing  hip  and  acetabular  surgery106'108  and  may  be  useful  in 
our  patient  population.  COX-2  is  required  for  endochondral 
bone  formation,  a  mechanism  implicated  in  the  development 
of  heterotopic  ossification103.  Although  not  prescribed  as 
prophylaxis  against  heterotopic  ossification,  COX- 2  inhibi¬ 
tors  are  currently  used  in  this  institution  as  part  of  a  com¬ 
prehensive  pain- management  regimen  and  are  thought  to 
decrease  the  patient’s  opioid  requirement.  Concerns  about 
COX-2  inhibitors  in  an  orthopaedic  population  stem  from 
the  blunting  of  “helpful”  inflammation  necessary  for  endo¬ 
chondral  ossification  in  early  fracture-healing109'113.  Never¬ 
theless,  several  studies  evaluating  COX-2  inhibitors  found 
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Fig.  8 

Graphical  depiction  of  the  number  of  muscle-derived  colony-forming  units  and  osteogenic 
progenitor  cells  cultured  from  muscle  tissue  of  normal  (control)  patients,  combat-injured 
patients  who  did  not  develop  heterotopic  ossification  (Injured-nonHO),  and  combat- 
injured  patients  who  developed  heterotopic  ossification  (Injured-HO).  Even  with  these 
preliminary  results  (n  =  5  patients  per  group)  a  significant  (*,  p  <  0.05)  increase  in  the 
number  of  osteogenic  progenitor  cells  is  evident  in  patients  who  developed  heterotopic 
ossification  as  compared  with  patients  in  the  other  two  groups.  (Error  bars  indicate  95% 
confidence  interval.) 


little  or  no  deleterious  effect  on  fracture- healing  or  osseous 

healing99’114117. 

In  order  to  address  the  safety  and  efficacy  of  COX- 2 
inhibition  in  combat- related  heterotopic  ossification,  a  pro¬ 
spective  randomized  trial  of  celecoxib,  started  within  five  days 
after  injury  for  a  two-week  treatment  period  (200  mg  by  mouth 
twice  a  day),  will  begin  enrolling  patients  this  year.  The  study 
will  enroll  as  many  as  100  patients  (fifty  in  the  treatment  arm 
and  fifty  in  the  control  arm),  and  is  powered  to  detect  a  30% 
relative  decrease  in  the  rate  of  formation  of  combat- related 
heterotopic  ossification  (e.g.,  a  decrease  from  60%  to  40%). 
Primary  study  end  points  are  the  overall  prevalence  and 
severity  of  combat-related  heterotopic  ossification  in  study 
patients.  This  decrease  in  comb  at- related  prevalence  of  het¬ 
erotopic  ossification  is  well  below  that  anticipated  on  the 
basis  of  a  putative  56%  to  67%  reduction  in  heterotopic  ossi¬ 
fication  rates  with  use  of  nonsteroidal  anti-inflammatory  drugs 
in  other  populations31.  Testing  for  this  lower  rate  of  reduction 
appears  reasonable  because  the  actual  effect  of  nonsteroidal 
anti-inflammatory  drugs  may  differ  in  patients  with  combat- 
related  heterotopic  ossification,  because  treatment  cannot 
practicably  be  initiated  at  the  point  and  time  of  injury,  and 
because  testing  would  serve  to  ensure  adequate  power  of  the 
trial.  Secondary  end  points  include  fracture  nonunion,  time  to 


fracture  union,  rate  of  impaired  wound-healing,  medical  and 
drug-related  complications  (e.g.,  gastrointestinal  problems 
and  renal  dysfunction),  and  patient  pain  ratings  and  opioid 
requirements. 

The  concern  that  celecoxib  may  delay  fracture- healing  is 
an  important  one.  Nevertheless,  its  effect  may  be  tempered  by 
the  timing  of  fracture  fixation  in  a  high-energy  penetrating  in¬ 
jury  of  an  extremity.  In  most  cases,  fracture  fixation  is  not  per¬ 
formed  until  ten  to  fourteen  days  after  injury,  which  is  the  time  it 
takes  to  debride  and  prepare  the  wound  for  closure  or  flap 
coverage.  Prophylaxis  against  heterotopic  ossification  is  started 
as  soon  after  injury  as  possible  and  continued  for  fourteen  days. 
Ideally,  celecoxib  dosing  for  the  purpose  of  prophylaxis  against 
heterotopic  ossification  will  be  complete  prior  to  definitive 
fracture  fixation.  Goodman  and  colleagues  demonstrated 
that  COX- 2  inhibitors,  if  given  within  the  first  fourteen  days 
following  fracture,  did  not  result  in  appreciable  impairment 
of  fracture-healing118.  There  is  also  no  evidence  to  suggest  that 
celecoxib  significantly  affects  fracture -healing  in  our  combat- 
wounded  patient  population.  Nevertheless,  “nonunion”  and 
“time  to  union”  will  be  reported  as  secondary  outcomes  in 
this  study.  Of  note,  short-term  use  of  celecoxib  in  patients 
without  fractures,  including  amputees,  has  not  been  associ¬ 
ated  with  any  negative  effects. 
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Raman  Shift  (cm*1) 

Fig.  9 

Raman  spectra  of  (A)  uninjured  muscle  (control  tissue),  (B)  combat-injured  muscle,  and  (C)  combat-injured 
muscle  with  pre-heterotopic  ossification.  The  gray  bands  highlight  spectral  changes  in  the  amide-ill  envelope 
(1340-1240  cm1)  and  the  appearance  of  mineral  vibrational  bands  at  1070,  960,  and  591  cm1. 


Conclusions  and  Future  Directions 

Combat-related  heterotopic  ossification  is  exceptionally 
common  and  is  often  a  harbinger  of  a  complex  and  dif¬ 
ficult  clinical  course.  Operative  excision  of  symptomatic 
combat-related  heterotopic  ossification  lesions  is  generally 
successful  and  associated  with  low  rates  of  recurrence  but  can 
be  technically  demanding  and  fraught  with  complications, 
particularly  about  the  knee  when  concurrent  quadricepsplasty 
is  required.  We  have  identified  numerous  clinical  factors  and 
biological  markers  that  are  predictive  of  eventual  formation 
of  combat- related  heterotopic  ossification.  Through  ongoing 
and  future  research  efforts  by  our  consortium,  we  hope  to 
further  elucidate  the  biochemical  and  cellular  basis  for  the 
formation  of  combat- related  heterotopic  ossification,  further 
define  the  relative  roles  of  local  and  systemic  inflammation, 
continue  to  develop  new  means  of  early  diagnosis  and  prog¬ 
nostication,  and  test  and  validate  both  conventional  and  novel 
practicable  primary  prophylactic  treatment  modalities.  It  is 
our  hope  that,  through  a  combination  of  new  diagnostic 
and  therapeutic  interventions,  we  can  affect  both  the  inci¬ 
dence  and  clinical  management  of  combat-related  hetero¬ 
topic  ossification.  ■ 
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ABSTRACT 

The  management  of  modern  traumatic  war  wounds  remains  a  significant  challenge  for  clinicians.  This  is  a 
reflection  of  the  extensive  osseous  and  soft-tissue  damage  caused  by  blasts  and  high-energy  projectiles.  The  ensuing 
inflammatory  response  ultimately  dictates  the  pace  of  wound  healing  and  tissue  regeneration.  Consequently,  the 
eventual  timing  of  wound  closure  or  definitive  coverage  is  often  subjectively  based.  Some  wounds  require  an 
extended  period  of  time  to  close  or  fail  to  remain  closed,  despite  the  use  and  application  of  novel  wound-specific 
treatment  modalities.  Aside  from  impaired  wound  healing,  additional  wound  complications  include  wound  infection 
and  heterotopic  ossification  (the  pathological  mineralization  of  soft  tissues).  An  understanding  of  the  molecular 
environment  of  acute  wounds  throughout  the  debridement  process  can  provide  valuable  insight  into  the  mechanisms 
associated  with  the  eventual  wound  outcome.  The  analysis  of  Raman  spectra  of  ex  vivo  wound  biopsy  tissue 
obtained  from  serial  traumatic  wound  debridements  reveals  a  decreased  1665  cm"7l445  cm"1  band  area  ratio  in 
impaired  healing  wounds,  indicative  of  an  impaired  remodeling  process,  in  addition  to  a  decreased  1240  cm'Vl270 
cm'1  band  area  ratio.  The  examination  of  debrided  tissue  exhibits  mineralization  during  the  early  development  of 
heterotopic  ossification.  Finally,  preliminary  results  suggest  that  Fourier  transform  infrared  (FT-IR)  images  of 
wound  effluent  may  be  able  to  provide  early  microbiological  information  about  the  wound. 

Keywords:  combat  wounds;  biopsies;  wound  effluent;  Raman  spectroscopy;  FT-IR  imaging 


1.  INTRODUCTION 

Extremity  wounds  have  become  the  most  common  injuries  sustained  in  modern  warfare.  These  wounds,  caused 
predominately  by  blasts,  are  characterized  by  high-energy  fractures,  often  with  bacterial  and  environmental 
contamination,  thermal  injury,  and  soft  tissue  loss.  The  result  is  a  devastating  life-  and  limb-threatening  injury 
pattern  that  demands  considerable  time,  effort,  and  resources  throughout  all  phases  of  treatment.  Thus,  the 
management  of  modern  combat  extremity  wounds  is  challenging,  and  complications  such  as  infection  and 
heterotopic  ossification  are  all  too  common. [1"3]  Accurate  assessment  of  these  wounds  is  necessary  to  guide  both 
surgical  decision-making  and  prophylactic  medical  therapy. 

Wound  healing  is  the  result  of  complex  cellular  and  molecular  signals,  ultimately  leading  to  closure  of  the  wound 
gap  and  the  formation  of  scar  tissue.  As  such,  much  remains  to  be  learned  about  the  structure  and  composition  of  the 
tissue  itself  during  the  wound  healing  process.  Complicating  the  process  of  wound  healing  even  more  is  the  general 
heterogeneity  of  tissue,  specifically  skin  and  the  underlying  soft  tissues.  Current  methods  for  monitoring  wound 
healing  rely  largely  on  physician  observations  and  are  subjective,  regardless  of  physician  experience. 


Raman  vibrational  spectroscopy  is  a  modality  that  offers  the  capability  to  accurately  detect  and  identify  various 
molecules  that  comprise  the  extracellular  matrix  during  wound  healing  in  their  native  state.  It  is  a  spectroscopic 
technique  in  which  the  precise  biochemical  composition  of  biologic  samples  can  be  obtained  via  noninvasive  and 
nondestructive  means.  It  has  been  proven  effective  in  assessing  tissues  at  the  molecular  level  with  diverse  clinical 
and  diagnostic  applications  to  include  the  analysis  of  cellular  structure  and  the  determination  of  tumor  grade  and 
type.[4"20]  Pathologic  alterations  of  wounds  are  accompanied  by  fundamental  changes  in  the  molecular  environment 
that  can  be  analyzed  by  vibrational  spectroscopy. [9,  21]  The  identified  changes  might  provide  the  objective  markers 
of  acute  wound  healing  which  can  then  be  integrated  with  clinical  characteristics  to  guide  the  management  of 
traumatic  wounds.  For  instance,  changes  in  collagen  vibrational  bands  could  be  correlated  with  alterations  in 
collagen  deposition  and  re-epithelialization  of  the  wound  bed.  In  addition,  mineralization  associated  with  pre- 
clinical  and  pre -radiographic  heterotopic  ossification  could  be  easily  monitored  with  Raman  spectroscopy. [8,22"35] 

Also,  because  of  vibrational  spectroscopy’s  molecular  specificity,  it  can  also  be  used  to  evaluate  the  bioburden  of 
wounds.  There  have  been  numerous  Raman  spectroscopic  studies  of  microorganisms,  many  focusing  on  rapid 
identification  of  the  microorganisms. [36"44]  FT-IR  spectroscopy  can  afford  spectral  information  similar  to  that 
provided  by  Raman  spectroscopy.  There  are  several  studies  that  focus  on  the  use  of  FT-IR  spectroscopy  to  detect 
and  accurately  classify  microbiological  organisms,  such  as  AcinetobacterP 8,45"48] 

We  hypothesized  that  vibrational  spectroscopy  could  predict  whether  or  not  a  wound  will  heal  normally,  whether  or 
not  a  wound  will  develop  heterotopic  ossification,  and  whether  or  not  wound  effluent  is  colonized. 

2.  MATERIALS  AND  METHODS 


2.1  Clinical  Studies 

The  clinical  studies  were  approved  by  the  institutional  review  boards  of  the  National  Naval  Medical  Center 
(NNMC)  and  the  Walter  Reed  Army  Medical  Center  (WRAMC).  All  study  participants  were  recruited  from 
wounded  Operation  Iraqi  Freedom  and  Operation  Enduring  Freedom  U.S.  service  members  evacuated  to  the 
National  Capital  Area.  Age-matched  control  subjects  were  enrolled  to  provide  untraumatized  muscle  for 
comparison.  Patients  in  the  control  group  were  scheduled  to  undergo  an  elective  hamstring  ACL  reconstruction  and 
were  recruited  from  the  outpatient  orthopaedic  clinic.  Informed  consent  was  obtained  from  all  participating 
patients. 

For  the  treatment  of  combat  wounds,  surgical  debridement  and  pulse  lavage  were  performed  in  the  operating  room 
every  48-72  hours  until  definitive  wound  closure  or  coverage.  Negative  pressure  wound  therapy  (NPWT)  was 
applied  to  the  wounds  between  surgical  debridements,  as  per  current  standard  practice  at  NNMC.[49]  All  wounds 
were  examined  once  daily  following  wound  closure  or  coverage  until  the  sutures  were  removed.  All  patients  were 
followed  clinically  for  30  days.  Successful  wound  healing  was  defined  as  definitive  wound  closure  or  coverage. 
Impaired  wound  healing  included  a  delayed  wound  closure  or  subsequent  wound  dehiscence.  Delayed  wound 
closure  was  defined  as  definitive  closure  occurring  two  standard  deviations  outside  of  the  normal  wound  closure 
time  period,  which,  in  this  case,  was  greater  than  or  equal  to  21  days  after  injury.  Dehiscence  was  defined  as  loss 
after  skin  grafting.  Thus,  wounds  that  progressed  to  healing  by  thirty  days  after  injury  and  did  not  necessitate  a 
return  to  the  operating  room  were  considered  healed.  The  timing  of  the  wound  closure  was  at  the  discretion  of  the 
attending  surgeon. 

2.2  Sample  Collection 

Control  muscle  samples  (n=3)  were  collected  during  hamstring  graft  preparation  following  routine,  elective  anterior 
cruciate  ligament  repairs  and  stored  in  0.9%  NaCl  saline  solution  for  transport.  For  injured  muscle  and  wound 
biopsies  (n=25),  a  1  cm3  wound  tissue  sample  was  obtained  from  the  center  of  the  wound  bed  at  each  debridement 
(Figure  1A)  and  fixed  in  10%  neutral  buffered  formalin  for  at  least  48  hours.  Samples  were  stored  at  -20°F  until 
analysis.  Prior  to  Raman  spectral  acquisition,  samples  were  thawed  in  0.9%  NaCl  saline  solution.  Additionally,  both 
soft  and  hard  tissue  heterotopic  ossification  samples  (n=25)  were  collected  during  the  surgical  removal  of 
heterotopic  ossification  (Figures  IB  and  1C,  respectively)  and  stored  in  0.9%  NaCl  solution  for  transport. 
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Figure  1.  A)  Picture  taken  of  a  wound  bed  at  the  time  of  surgical  debridement.  The  black  box  indicates  the  typical 
biopsy  size.  B)  Unmineralized  tissue  biopsy  collected  during  excision  of  heterotopic  ossification.  Scale  bar  =  1  cm.  C) 
Partially  mineralized  tissue  biopsy  collected  during  excision  of  heterotopic  ossification. 

Wound  effluent,  the  exudate  that  filters  from  the  circulatory  system  into  a  wound  bed,  was  collected  from  the 
NPWT  canister  (without  gel  pack;  Kinetic  Concepts,  Inc.,  San  Antonio,  TX)  two  hours  following  the  first  surgical 
debridement  and  over  a  12  hour  period  prior  to  each  subsequent  wound  debridement.  Samples  (n=4)  were 
centrifuged  at  12,000-1 3, OOOg.  The  supernatant  was  drawn  off  with  a  pipette  and  passed  through  a  0.65  pm  filter. 

2.3  Raman  Spectroscopy 

Tissue  samples  were  placed  on  an  aluminum  foil  covered  weighing  dish  prior  to  spectral  acquisition.  A  785  nm 
Raman  PhAT  system  (Kaiser  Optical  Systems,  Inc.,  Ann  Arbor,  MI)  was  used  to  collect  spectra  of  the  tissue 
biopsies.  Final  spectra  were  the  accumulation  of  forty  15  second  spectra,  acquired  using  the  3  mm  spot  size.  At  least 
three  dark- subtracted,  illumination-corrected  spectra  were  obtained  for  each  biopsy/sample.  All  spectral 
preprocessing  was  performed  in  GRAMS/AI  software  (Thermo  Fisher  Scientific,  Madison,  WI).  Raman  spectra 
were  truncated  to  1800-400  cm"1  and  baseline  corrected  with  a  sixth  degree  polynomial.  Spectral  subtraction  of 
blood  was  performed  if  spectral  interference  of  blood  was  noted.  All  spectra  were  intensity  normalized  to  the  CH2 
scissoring  band  at  1445  cm'1.  Subsequently,  curve  fitting  was  performed  over  two  spectral  regions,  1730-1500  cm"1 
and  1525-1185  cm'1.  All  Raman  bands  were  fit  with  mixed  Gaussian/Lorentzian  bands.  The  fit  was  considered  good 
when  the  R2  value  reached  at  least  0.99. 

2.4  FTIR  Imaging 

Approximately  4  pL  of  wound  effluent  was  pipette  onto  an  aluminized  slide  (Thermo  Fisher  Scientific,  Madison, 
WI)  and  allowed  to  air  dry.  The  Nicolet  iN10  (Thermo  Fisher  Scientific,  Madison,  WI)  was  used  to  collect  FT-IR 
images  of  the  deposited  effluent  with  8  cm"1  spectral  resolution  from  4000  to  715  cm"1.  Total  acquisition  time  for  the 
image  was  approximately  15  minutes.  Factor  analysis  was  performed  on  truncated  data  cubes  (1800  to  715  cm"1). 
Briefly,  all  FT-IR  image  cubes  were  imported  into  MATLAB®  (Mathworks,  Natick,  MA),  where  they  were 
subjected  to  multivariate  analysis.  Singular  value  decomposition  was  applied  to  all  data  sets.  A  Scree  plot  was  used 
to  determine  the  necessary  number  of  loadings  such  that  99%  of  the  variance  in  the  data  set  was  described  by  the 
chosen  loadings.  Loadings  used  for  factor  analysis  were  extracted  with  band  target  entropy  minimization  (BTEM)[50" 
52]  and  then  manually  rotated  until  all  factors  were  non-negative  and  their  associated  score  images  were  non¬ 
negative.  Non-negative  factors  closely  resemble  real  FT-IR  spectra.  Non-negative  score  images  ensure  orthogonality 
of  factors  and  a  unique  basis  set. 


2.5 


Statistical  Analysis 


Differences  in  band  area  ratios  were  assessed  using  a  Mann- Whitney  U- test.  Analyses  were  performed  using  SPSS 
software  (SPSS  18.0,  SPSS  Inc.,  Chicago,  IL).  Differences  in  values  were  considered  statistically  significant  with  a 
two-tailed p- value  less  than  0.05. 


3.  RESULTS 


3.1  Raman  spectral  comparison  of  wound  biopsies 

The  spectral  profiles  of  ex  vivo  wound  biopsies  were  compared  for  a  normal  healing  wound,  a  delayed  healing 
wound,  and  a  dehisced  wound.  Raman  spectra  of  wound  biopsies  collected  during  the  first  surgical  debridement  are 
contrasted  with  Raman  spectra  of  wound  biopsies  collected  during  the  final  surgical  debridement  in  Figure  2.  Major 
bands  exhibited  in  the  spectra  are  shown  in  Table  1. 

Table  1.  Raman  vibrational  band  assignments. [38, 53'60]  (Phe  -  phenylalanine;  Pyr  -  pyrrole;  Tyr  -  tyrosine;  Hb  -  hemoglobin; 
Trp  -  tryptophan). 


Raman  Shift  (cm'1)  Vibrational  Band  Assignment 


Component 


938 

1004 

1035 

1070,  1080 
1128 


v(CC)  residues 
v(CC)  aromatic  ring 

v(CC)  skeletal;  C-0  stretch 


protein 
Phe;  protein 

mostly  lipid  with  minor  protein  contribution; 
protein 

v(CC)  and  v(CN)  skeletal;  v(Pyr  half  ring)  mostly  lipid  w  ith  minor  protein  contribution;  Hb 


1213 

Tyr;  Phe 

1245 

v(CN)  Amide  III  -  p-sheet 

protein 

1270 

v(CN)  Amide  III  -  a-helix 

protein 

1340 

8(CH2);  v(Pyr  half  ring) 

protein;  Trp;  Hb 

1371 

v(Pyr  half  ring) 

Hb 

1405 

1450 

CH2  scissoring 

protein 

1557 

v(CC)  ring  stretching 

protein;  Trp;  Hb 

1622 

v(OC) 

Hb;  Tyr;  Phe 

1657 

v(C=0)  Amide  1 

protein 

When  examining  the  Raman  spectra  of  the  first  debridement  wound  biopsies  (Figure  2  A),  the  profiles  of  the  normal 
healing  and  delayed  healing  wounds  overlap  extensively.  The  Raman  spectrum  of  the  wound  biopsy  from  the 
dehisced  wound,  however,  demonstrates  several  differences.  The  intensities  of  the  Raman  vibrational  bands  at  1622 
cm"1,  1557  cm'1,  and  1371  cm"1  are  significantly  increased  for  the  wound  biopsy  from  the  dehisced  wound  compared 
to  the  normal  and  delayed  healing  wounds.  The  1270  cm"1  and  1240  cm"1  amide  III  bands  also  appear  to  be  more 
intense  in  the  dehisced  wound  than  in  the  normal  or  delayed  healing  wounds.  Finally,  the  intensity  of  the  938  cm"1 
vibrational  band  in  the  Raman  spectrum  of  the  normal  healing  wound  biopsy  is  increased  when  compared  to  the 
band  intensities  of  the  delayed  healing  or  dehisced  wound  biopsy  spectra.  Additionally,  differences  in  the  spectral 
profiles  of  the  wound  biopsies  from  the  final  debridement  are  evident  (Figure  2B).  The  overall  intensity  of  the  amide 
I  band  in  both  the  dehisced  and  delayed  healing  wounds  is  decreased  when  compared  to  the  intensity  of  the  normal 
healing  wound.  The  intensities  of  the  Raman  vibrational  bands  at  1622  cm"1,  1557  cm"1,  1371  cm"1,  1270  cm"1,  and 
1240  cm"1  remain  significantly  increased  for  the  wound  biopsy  from  the  dehisced  wound  compared  to  the  normal 
and  delayed  healing  wounds.  The  amide  III  bands,  including  the  1340  cm"1  Raman  vibrational  band,  are  also 
decreased  for  the  delayed  healing  wound  compared  to  the  normal  healing  wound,  unlike  at  the  first  surgical 
debridement.  The  intensity  of  the  938  cm"1  vibrational  band  in  the  Raman  spectrum  of  the  normal  healing  wound 
biopsy  also  remains  increased  when  compared  to  the  band  intensities  of  the  delayed  healing  or  dehisced  wound 
biopsy  spectra.  Finally,  the  Raman  vibrational  band  at  1405  cm"1  is  apparently  decreased  for  the  dehisced  wound 
biopsy  when  compared  to  the  normal  and  delayed  healing  wounds,  at  both  the  first  and  final  surgical  debridements. 


Band  area  ratios  were  calculated  for  the  normal  and  delayed  healing  wounds  for  wound  biopsies  collected  at  each 
surgical  debridement.  As  expected,  there  are  three  additional  time  points  presented  for  the  delayed  healing  wound. 
The  plot  of  the  1665  cm"Vl445  cm"1  band  area  ratios  shows  an  initial  decrease  followed  by  an  increase  for  the 
normal  healing  wound  biopsies.  The  band  area  ratio  for  the  delayed  wound  continues  to  decrease  over  time,  unlike 
the  normal  healing  wound  biopsies.  A  similar  trend  is  observed  for  the  1240  cm_1/1270  cm'1  band  area  ratios;  the 
band  area  ratio  increases  for  the  normal  healing  wound  but  continually  decreases  for  the  delayed  healing  wound. 


Figure  2.  A)  Comparison  of  Raman  spectra  for  first  debridement  biopsies  from  three  different  wounds.  B) 
Comparison  of  Raman  spectra  for  final  debridement  biopsies  from  three  different  wounds.  C)  Profile  of  1665  cm' 
Vl445  cm'1  band  area  ratio  over  time  for  biopsies  from  two  different  wounds.  D)  Profile  of  1240  cm'Vl270  cm'1  band 
area  ratio  over  time  for  biopsies  from  the  same  two  wounds. 


3.2  Raman  spectral  comparison  of  muscle  tissue  and  heterotopic  ossification  tissue 

Raman  spectra  of  ex  vivo  samples  of  uninjured  (or  control)  muscle,  injured  muscle,  and  excised  tissue  from 
heterotopic  ossification  surgical  removal  were  also  compared.  Figure  3A  shows  the  offset  spectra  of  a  control 
muscle  sample,  a  sample  of  unmineralized  HO  tissue,  and  a  sample  of  mineralized  HO  tissue.  The  gray  boxes 
highlight  regions  of  spectral  difference.  The  mean  band  center  for  the  amide  I  band  of  uninjured  muscle  is  1655 
cm"1.  For  the  HO  tissue,  whether  unmineralized  or  mineralized,  the  amide  I  band  shifts  to  a  higher  frequency  and  is 
centered  at  1662-1663  cm"1.  Differences  are  also  apparent  in  the  amide  III  envelope  of  the  spectra.  The  intensity  of 
the  1340  cm"1  Raman  vibrational  band  is  decreased  in  the  spectra  of  the  HO  tissue  compared  to  the  uninjured  muscle 
tissue.  The  1270  cm"1  and  1240  cm"1  Raman  vibrational  bands  are  increased  in  the  spectra  of  the  HO  tissue 
compared  to  the  uninjured  muscle.  The  most  notable  difference  in  the  spectrum  of  the  mineralized  HO  tissue  is  the 
presence  of  the  960  cm"1  band,  a  Vi  P-0  stretching  mode.  This  is  a  typical  Raman  vibrational  band  observed  for 
hydroxyapatite,  and  in  this  case,  for  the  carbonated  hydroxyapatite  in  bone  mineral.  Finally,  the  intensities  of  the 
921  cm"1,  876  cm"1,  and  855  cm"1  bands  are  more  intense  in  the  spectra  of  the  HO  tissue  than  in  the  spectrum  of  the 


uninjured  muscle.  The  bands  at  921  cm"1,  876  cm'1,  and  855  cm"1  are  v(CC)  stretching  backbone  modes,  assigned  to 
proline  and  hydroxyproline  in  collagen. 
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Figure  3.  A)  Comparison  of  Raman  spectra  collected  of  a  control  muscle  (top)  sample,  an  unmineralized  tissue 
sample  from  a  patient  that  develops  HO  (middle),  and  a  mineralized  tissue  sample  from  a  patient  with 
radiographically  confirmed  HO  (bottom).  The  gray  boxes  indicate  spectral  regions  with  significantly  different 
profiles.  B)  Band  area  ratios  calculated  from  spectra  of  control  muscle,  injured  muscle,  unmineralized  HO  tissue,  and 
mineralized  HO  tissue.  Error  bars  =  ±  standard  deviation. 


Figure  3B  displays  calculated  band  area  ratios  for  the  Raman  spectra  of  control  muscle  (n=3),  injured  muscle  (n=8), 
unmineralized  HO  tissue  (n=13),  and  mineralized  HO  tissue  (n=12).  There  is  a  statistically  significant  difference 
between  the  1660  cm"Vl445  cm"1  band  area  ratio  when  comparing  uninjured  muscle  to  injured  muscle,  as  well  as 
when  comparing  muscle  tissue  and  HO  tissue  (p  <  0.001).  There  is  also  a  significant  difference  between  the  1680 
cm"Vl445  cm"1  and  1640  cm"Vl445  cm"1  band  area  ratios,  when  comparing  muscle  tissue  and  HO  tissue  (p  <  0.04 
and p  <  0.02,  respectively).  Band  area  ratios  for  the  amide  III  envelope  also  indicate  significant  differences  between 
the  tissue  types.  The  /7-values  calculated  for  the  1240  cm"Vl270  cm"1  band  area  ratios  are  <  0.01  for  the  comparison 
of  muscle  tissue  and  unmineralized  HO  tissue  and  <  0.02  for  the  comparison  of  muscle  tissue  and  mineralized  HO 
tissue.  Notable  differences  are  also  demonstrated  for  the  comparison  of  the  1340  cm"Vl270  cm"1  band  area  ratios 
calculated  for  muscle  tissue  and  HO  tissue,  as  well  as  for  unmineralized  and  mineralized  HO  tissue  (p  <  0.05). 


3.3  FT-IR  imaging  of  wound  effluent 


A  visible  light  image  of  a  dried,  non-colonized  effluent  sample  is  displayed  in  Figure  4 A.  The  corresponding  score 
image  (Figure  4B)  and  major  factor  (Figure  4C)  are  also  shown.  The  score  image  indicates  that  the  presence  of  this 
factor  is  contained  primarily  within  the  center  of  the  effluent  drop,  not  the  ring  of  the  effluent  drop.  The  factor, 
which  is  representative  of  the  major  component  in  the  effluent,  exhibits  vibrational  bands  that  can  be  mostly 
attributed  to  various  proteinaceous  components  -  plasma,  hemoglobin,  cells.  The  1666  cm"1  and  1550  cm'1 
vibrational  bands  are  assigned  to  the  amide  I  and  amide  II  bands,  respectively,  and  are  evident  in  the  spectrum  of 
proteins. [38,  61]  The  vibrational  band  at  1589  cm"1  has  been  observed  the  FT-IR  spectrum  of  plasma.[62]  The  band  at 
1454  cm"1  has  the  same  vibrational  band  assignment  for  Raman  and  FT-IR  spectroscopy  (C-H  deformation  of 
CH2).[38]  The  vibrational  band  at  1404  cm"1  is  assigned  to  a  C=0  stretching  band  (carbohydrates,  amino  acids)  while 
the  1312  cm"1  and  1247  cm"1  bands  are  assigned  to  the  amide  III  N-H  deformation  (proteins).  The  1247  cm"1  band 
also  overlaps  with  a  P=0  stretching  band,  often  observed  in  phospholipids. [3 8]  The  bands  displayed  between  1200- 
900  cm"1  are  generally  attributed  to  the  C-0  stretching  modes  of  saccharides,  glucose,  lactate,  and  glycerol. [61] 


Figure  4.  A)  Visible  light  image  of  non-colonized  wound  effluent  deposited  onto  aluminized  slide.  The  FT-IR  score 
image  (B)  and  corresponding  factor  (C)  are  also  shown. 

Similar  results  were  obtained  for  a  sample  of  colonized  effluent  (Figure  5).  Bacterial  colonization  for  this  study  is 
defined  as  a  bacterial  load  >  105  colony  forming  units. [63]  The  dried  effluent  appears  visibly  similar  (Figure  5 A)  to 
the  sample  shown  in  Figure  4.  The  score  image  in  Figure  5B  and  the  factor  in  Figure  5D  also  resemble  the  score 
image  and  factor  obtained  for  the  previously  mentioned  sample.  There  is,  however,  a  second  factor  (Figure  5E)  and 
corresponding  score  image.  The  score  image  in  Figure  5C  indicates  that  the  second  factor  is  present  in  the  ring  of  the 
effluent  drop,  as  well  as  the  center  of  the  effluent  drop.  The  factor  in  Figure  5E  is  also  proteinaceous  in  nature,  but 
contains  bands  that  are  shifted  and  have  different  intensities  from  the  factor  shown  in  Figure  5D. 


Figure  5.  A)  Visible  light  image  of  colonized  wound  effluent  deposited  onto  aluminized  slide.  The  FT-IR  score 
images,  (B)  and  (C),  and  the  corresponding  major  factors,  (D)  and  (E),  are  also  shown. 

For  this  preliminary  study,  images  from  three  colonized  effluent  samples  (n=3)  and  one  non-colonized  effluent 
sample  (n=l)  were  examined.  Microbiological  tests  of  the  effluent  reported  colonization  with  Acinetobacter 
baumannii  for  three  of  the  samples.  Analysis  of  each  of  the  colonized  samples  revealed  a  second  factor,  similar  to 
that  shown  in  Figure  5E.  Subsequently,  the  spectral  profile  of  the  second  factor  was  compared  to  FT-IR  spectra  of 
several  biofilm  producing  Acinetobacter  baumanni  strains  (Figure  6).  The  spectra  overlay  closely,  suggesting  the 
possibility  that  the  second  factor  is  representative  of  bacteria,  and  more  specifically  Acinetobacter  baumannii. 
Differences  in  the  spectral  profiles  for  the  Acinetobacter  baumannii  strains  are  found  primarily  in  the  vibrational 
bands  between  1350  cm"1  and  900  cm'1.  These  vibrational  bands  are  of  mixed  origin,  including  carbohydrates, 
proteins,  phospholipids,  and  nucleic  acids. 


Figure  6.  Comparison  of  FT-IR  spectral  profiles  of  second  colonized  wound  effluent  factor  (red)  and  reference 
spectra  of  different  biofilm  forming  Acinetobacter  baumannii  strains  (blue). 


4.  DISCUSSION 


Wounds  are  currently  evaluated  using  parameters  such  as  location  of  injury,  crude  adequacy  of  perfusion,  gross 
appearance  of  the  wound,  wound  tensile  strength,  and  the  patient’s  general  condition.  Parameters  like  location  of 
injury,  gross  appearance  of  the  wound,  and  the  patient’s  general  condition  are  quite  obvious  and  reasonably 
assessed;  however,  parameters  such  as  adequacy  of  perfusion  and  tensile  strength  are  not  readily  quantifiable  during 
surgery.  It  has  been  previously  demonstrated  that  there  is  a  greater  incidence  of  associated  vascular  injury  in  delayed 
healing  wounds  when  compared  to  normal  healing  wounds. [3]  It  is  also  well  established  that  tensile  strength  of  the 
wound  is  dependent  on  collagen  deposition. [64]  Confounding  these  issues  is  the  development  of  heterotopic 
ossification  (HO)  in  over  60%  our  patient  population. [1, 65]  Heterotopic  ossification  is  the  spontaneous  mineralization 
of  soft  tissue,  which  once  formed,  can  only  be  managed  surgically,  as  spontaneous  resolution  is  infrequent. [66] 
Because  of  this,  prophylaxis  is  much  preferred  to  the  treatment.  Thus,  there  exists  a  need  for  technologies  that  can 
non-invasively  and  objectively  assess  these  challenging  wounds  in  an  effort  to  better  guide  surgical  decision-making 
in  the  setting  of  delayed  wound  healing,  and/or  prophylactic  therapy  in  cases  of  early  mineralization  (heterotopic 
ossification). 

In  this  preliminary  study,  Raman  spectroscopic  profiling  of  ex  vivo  wound  biopsies  collected  during  wound  surgical 
debridements  demonstrates  a  decrease  in  the  1665  cm"Vl445  cm"1  band  area  ratio  of  an  impaired  healing  wound 
over  the  course  of  treatment  compared  to  a  normal  healing  wound.  Using  the  CH2  scissoring  band  area  (1445  cm'1) 
as  an  indicator  of  overall  proteinaceous  content  and  the  amide  I  band  area  (1665  cm"1)  as  a  measure  of  collagen 
content,  one  can  monitor  collagen  deposition  in  the  wound  biopsies,  utilizing  the  1665  cm"Vl445  cm"1  band  area 
ratio.  Thus,  the  decrease  in  the  1665  cm"Vl445  cm"1  band  area  ratios  could  be  an  indication  of  impaired  collagen 
deposition  in  wounds  that  are  classified  as  delayed  healing  wounds.  Additionally,  the  delayed  healing  wound 
exhibits  a  chronological  decrease  in  the  1240  cm"Vl270  cm"1  band  area  ratio  compared  to  the  normal  healing  wound. 
The  Raman  spectral  profile  of  muscle  differs  from  collagen,  especially  in  the  amide  III  envelope.  Specifically, 
muscle  tissue  exhibits  a  reduced  1240  cm'Vl  270cm"1  band  area  ratio  compared  to  collagen.  Thus,  an  increase  in  the 
1240  cm'Vl  270  cm"1  band  area  ratio  could  also  be  reflective  of  collagen  deposition  within  the  site  of  injury.  In  a 
response  to  muscle  injury,  collagen  is  formed  and  deposited  within  the  site  of  the  injury. [67]  These  results  corroborate 
an  earlier  study,  in  which  wound  biopsies  were  mapped  with  Raman  spectroscopy  at  two  time  points  during  the 
healing  process  -  first  surgical  debridement  and  last  surgical  debridement. [68] 

Raman  spectroscopy  was  also  utilized  to  discern  molecular  changes  that  precursor  the  development  of  heterotopic 
ossification  (HO).  The  molecular  etiology  of  heterotopic  ossification  is  complex  and  not  well  understood. [2, 65"66, 69] 

In  this  preliminary  study,  we  compared  normal  muscle  tissue  to  injured  muscle  tissue,  unmineralized  HO  tissue,  and 
mineralized  HO  tissue.  While  mature  HO  tissue  is  generally  apparent  upon  physical  examination,  radiologic  studies, 
or  Raman  spectroscopic  probing,  immature  and  largely  unmineralized  HO  tissue  is  not  as  obvious.  The  Raman 
spectra  of  various  tissues  demonstrate  that  there  are  clear  differences  in  the  amide  I  and  amide  III  spectral  regions  of 
HO  tissue  compared  to  normal  tissue,  which  may  provide  clues  as  to  whether  or  not  muscle  tissue  will  develop  HO. 
These  differences  include  a  significant  shift  in  the  location  of  the  amide  I  band  and  an  increase  in  the  1240  cm" 
Vl270  cm"1  band  area  ratio.  In  fact,  the  Raman  spectrum  of  unmineralized  HO  tissue  closely  resembles  the  Raman 
spectrum  of  collagen.  Type  I  collagen  not  only  plays  an  important  role  in  the  process  of  wound  healing,  but  also  in 
the  formation  of  osseous  tissue,  such  as  HO  tissue.  Osteoblasts  secrete  and  deposit  type  I  collagen,  which  comprises 
90%  of  bone  matrix,  prior  to  mineralization. [70]  In  some  cases,  the  collagen  that  serves  as  an  initiator  of  wound 
healing  may  also  act  as  the  scaffold  for  the  deposition  of  bone  mineral. 

As  we  have  demonstrated,  vibrational  spectroscopy  can  also  be  utilized  to  examine  wound  effluent,  in  addition  to 
the  wound  tissue  itself.  Wound  effluent  is  a  complex  mixture  of  fluids,  cells,  and  proteins,  containing  plasma,  lymph 
fluid,  white  blood  cells,  red  blood  cells,  dead  tissue  and  cells,  cytokines,  chemokines,  and  growth  factors.  In  some 
cases,  the  wound  effluent  is  colonized  with  bacteria.  The  most  common  isolate  observed  in  our  patient  population  is 
Acinetobacter  baumannii .[63]  Current  microbiological  techniques  require  a  24-48  culture  period  following  sample 
collection.  Here,  we  were  able  to  extract  a  spectroscopic  factor  that  closely  resembles  the  FT-IR  spectrum  of 
Acinetobacter  baumannii  in  less  than  an  hour.  FT-IR  spectra  of  individual  Acinetobacter  baumannii  strains 
exhibited  spectral  differences  from  1350-900  cm"1.  While  the  band  assignments  over  this  spectral  region  are  mixed, 
other  studies  have  found  subsets  of  that  spectral  region  optimal  for  discriminating  Brucella  species[71],  Gram 


negative  bacteria[45],  and  Bordetella  pertussis[41\  This  kind  of  rapid  assessment  may  eventually  help  to  direct 
antibiotic  therapy  and  prevent  over-  or  under- treatment  of  bacterial  infection. 


Raman  spectra  of  wound  tissue  was  collected  and  analyzed,  to  compare  the  chemical  compositions  of  normal 
healing  wound  tissue,  impaired  healing  wound  tissue,  and  HO  wound  tissue.  While  all  data  acquisition  and  analysis 
was  performed  outside  of  the  surgical  arena,  it  is  possible  to  incorporate  the  Raman  spectroscopic  equipment  into 
the  operating  room.  One  advantage  of  Raman  spectroscopy  is  that  it  can  be  employed  in  a  non-invasive  manner, 
such  as  a  fiber  probe-coupled  system.  Another  advantage  of  Raman  spectroscopy,  and  particularly  the  fiber-coupled 
probe  used  in  this  study,  is  the  probe  design  itself.  The  Raman  spectroscopic  system  utilized  here  could  sample  a 
tissue  volume  of  up  to  ~60  mm3,  or  greater;  a  standard  punch  biopsy  samples  approximately  140  mm3  of  tissue. 
Though  the  number  of  samples  examined  here  was  small  and  preliminary,  the  results  are  encouraging  and  certainly 
deserving  of  further  study. 


5.  CONCLUSIONS 

This  study  demonstrates  the  potential  of  vibrational  spectroscopy  as  a  technique  capable  of  affording  an  objective 
measurement  regarding  wound  effluent  colonization,  wound  healing,  and  wound  HO  in  the  operating  room.  Such  a 
capability  would  allow  for  real-time  point  of  care  analysis  of  wounds,  allowing  subjective  decisions  to  be  supplanted 
by  objective  data.  This  is  a  critical  need  as  constraints  on  surgical  education  reduce  operative  exposure  and  clinical 
decision-making  is  moved  from  the  subjective  arena  to  personalized,  data  driven  decisions.  The  use  of  such 
methodologies  as  presented  herein,  may  allow  for  fewer  debridement  procedures,  reduced  costs,  and  faster 
rehabilitation  in  patients  with  traumatic  wounds.  In  order  to  reach  this  potential,  future  work  must  to  expand  the 
number  of  patients  in  the  study  to  better  delineate  Raman  spectroscopic  trends  during  the  wound  healing  process  and 
to  explore  and  develop  a  classification  model  for  wound  infection. 
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Abstract 

We  present  procedures  to  use  imaging  to  assess  organ  perfusion  in  an 
ischemia/reperfusion  injury  model  in  the  intraoperative  and  organ  procure¬ 
ment  setting,  in  particular,  on  pump  perfusion.  These  technologies,  namely 
3-CCD,  IR,  and  VRIS  imaging,  use  the  spectral  signatures  of  kidneys  to  deter¬ 
mine  tissue  oxygenation  and  perfusion.  This  information  not  only  correlates 
directly  with  the  physiology  of  organ  perfusion  but  can  be  provided  in  a  clini¬ 
cally  useful,  real-time  format.  Utilization  of  the  technologies  in  tandem  for 
quantitative  assessment  of  organ  viability  is  discussed. 


imaging,  infrared  imaging  (IR),  organ  perfusion, 
3-charged  couple  devices  (3-CCD),  visible  reflectance 
imaging  system  (VRIS),  ischemia/reperfusion  injury, 
renal  transplantation,  pump  perfusion 


Key  terms 


Use  of  Optical  Imaging  and  Spectroscopy  in  Assessment  of  Organ  Perfusion 


8.1  Introduction 

Given  thetremendousshortageof  avail  able  organs,  there  is  great  interest  in  usingdonor 
kidneys  from  extended  criteria  donors  that  may  include  underlying  disease  and  pro¬ 
longed  ischemic  time.  One  of  the  methods  employed  for  this  purpose  is  pump  perfu¬ 
sion,  also  referred  to  as  machine  perfusion-preservation.  Advantages  of  pump  perfusion 
include: 

1.  Extending  cold  ischemic  time  without  detriment  to  graft  function; 

2.  Diagnosing  segmental  or  global  problems  with  flow  and  resistance  [1]; 

3.  Limiting  delayed  graft  function  [2]. 

As  one  of  the  available  kidney  perfusion  modalities,  normothermic  pulsatile  perfu¬ 
sion  isof  special  interest,  asit  may  have  the  capability  to  maintain  some  metabolic  pro¬ 
cesses,  deliver  oxygen,  remove  oxygen  free  radicals,  and  preserve  cellular  adenosine 
triphosphate  (ATP).  Normothermic  pulsatile  perfusion  may  improveearly  graft  function 
and  possibly  graft  survival  [3]. 

The  major  issuethat  arises  with  the  use  of  non  ideal  donor  organs  is  the  assessment  of 
thecondition  of  the  organ,  si  nee  it  becomes  necessary  to  avoid  using  those  that  aredam- 
aged  significantly  and  will  likely  result  in  graft  failure.  However,  conventional  methods 
of  assessing  organ  perfusion  and  viability  often  lack  immediate  real-time  information 
and  organ  specificity.  In  the  preoperative  setting,  there  may  be  surrogate  information 
such  as  donor  comorbidities,  creatinine,  and  glomerular  filtration  rate,  in  addition  to 
ischemic  time.  Intraoperatively  or  in  theorgan  procurement  setting,  there  isthe appear¬ 
ance  of  the  organ,  and  in  the  case  of  pulsatile  perfusion  pump,  pressure,  flow,  and  resis¬ 
tance.  Postoperative! y,  with  the  return  of  urine  output,  labs  tests  such  as  creatinine, 
glomerular  filtration  rate  (GFR),  and  biopsy,  or  imaging  studies  such  asCT  (computed 
tomography)  scansand  radionucleotide  perfusion  studies  are  possible  though  each  have 
significant  disadvantages.  However,  none  of  these  parameters  provide  direct,  compre¬ 
hensive,  and  conclusive  information  about  vital  factors  in  ischemia/reperfusion  injury. 
Thereisa  need  for  real-time,  relevant,  and  objective  information  to  assist  in  thediagno- 
sisof  ischemia  and  to  estimate  the  extent  of  ischemic  damage  and  organ  resilience.  Cur¬ 
rent  clinical  measures  of  ischemia,  such  as  physical  exam,  intraoperative  urine  output, 
and  pump  resistance  and  flow,  can  certainly  be  improved  upon. 

Advances  in  imaging  using  a  variety  of  spectroscopic  technologies  hold  promise  for 
specific,  objective  measurements  in  organ  perfusion,  particularly  in  intraoperative  and 
organ  procurement  settings.  Such  imaging  technologies  can  be  generally  categorized 
into  systems  which  gather  a  detailed  look  at  a  focal  area  of  tissue  or  globally  assess  an 
entire  surface  of  an  organ.  Using  an  enhanced  understanding  of  the  way  light  is  emitted 
by  tissue  (infrared),  or  reflected  by  tissue  (e.g.,  a  charged  coupled  device  or  3-CCD,  and 
visible  reflectance  imaging  system),  weean  begin  to  quantify  the  information  gathered 
to  describe  conditions  at  the  cellular  or  molecular  level.  Many  of  these  technologies 
are  emerging,  some  of  which  hold  tremendous  promise  for  an  enhanced  objective 
assessment  of  organ  perfusion  in  real  time. 

The  characteristics  of  an  ideal  monitoring  system  for  the  assessment  of  intra¬ 
operative  organ  oxygenation  and  perfusion  would  be  noninvasive,  reproducible, 
real-time,  cost-effective,  and  easily  incorporated  into  theoperating  arena  and  organ  pro¬ 
curement  lab,  as  well  ascapableof  directly  measuring  tissue  oxygenation  and  perfusion. 


8.1  Introduction 


These  imaging  techniques  should  ideally  be  capable  of  performing  both  point  spectros¬ 
copy,  providing  detailed  information  about  a  small  area  of  tissue,  (e.g.,  a  cubic  millime¬ 
ter,  equivalent  to  a  biopsy  specimen)  and  global  imaging,  which  can  more  accurately 
estimate  the  health  of  the  entire  organ  by  examining  the  entire  surface  or  any  specific 
region  of  interest. 

Th  ere  are  two  ch  aracteri  sti  cs  of  th  e  ki  d  n  ey  wh  i  ch  are  parti  cu I  arl  y  rel  evan  t  wh en  co n - 
sidering  different  technologies  to  monitor  tissue  oxygenation  and  perfusion.  First,  the 
kidney  is  an  end  organ  entirely  without  collateral  circulation  in  the  parenchyma.  Sec¬ 
ond,  theregion  of  thekidney  most  sensitive  to  ischemia  isthetubular  epithelium,  abun¬ 
dant  superficially  beneath  the  renal  capsule  [4].  Therefore  it  is  possible  to  capture  the 
ischemic  state  of  the  organ  with  high  fidelity  even  if  the  imaging  method  has  limited 
depth  of  penetration. 

In  thischapter,  we  describe  imaging  methods  to  accurately  assess  kidney  perfusion 
and  oxygenation  in  the  intraoperative  and  organ  procurement  setting  in  ischemia/ 
reperfusion  injury  models,  which  provides  information  directly  correlated  with  the 
physiology  of  organ  perfusion  and  can  be  obtained  in  a  clinically  useful,  real-time 
format.  Both  point  spectroscopy  and  global  imaging  technologies  are  described.  In 
combination,  these  spectroscopic  modalities  have  the  potential  to  assess  donor  kidney 
viability  thoroughly,  and  therefore  enable  the  use  of  many  currently  discarded  organs. 


8.1.1  Spectral  Imaging  Technologies  Overview 

Weemploy  three  alternative  technologies  to  assess  perfusion  and  oxygenation  state  of 
ischemic  kidneys.  These  technologies  provide  alternatives  to  each  other  with  different 
types  of  information,  strengths,  and  weaknesses,  which  when  used  in  tandem  can 
enable  accurate  and  thorough  assessment  of  the  level  of  ischemia  in  a  kidney  and  ulti¬ 
mately  enable  real-time  evaluation  of  its  viability  before,  during,  and  after  transplanta¬ 
tion.  Below,  an  overview  of  each  technology  in  context  of  ischemic  kidney  evaluation 
methodology  is  provided. 


8.1. 1.1  Three-Charged  Coupled  Device  (3-CCD) 

This  relatively  ubiquitous  imaging  technology  provides  chemically  specific  information 
in  oxygen ated/deoxygenated  hemoglobin  along  with  a  large  field  of  view  and  real-time 
in  vivo  detection  simultaneously.  It  is  present  in  commonly  used  surgical  laparoscopic 
equipment  and  a  variety  of  handheld  video  cameras,  hence  rendering  it  an  accessible 
first  option  for  assessing  global  oxygenation  levels.  Applications  of  3-CCD  technology 
include  not  only  quantification  of  oxygenation  in  parenchymal  tissue,  but  also  identifi¬ 
cation  of  vascular  structures  in  laparoscopic  surgery. 

3-CCD  use  in  ischemia/reperfusion  injury  assessment  relies  on  hemoglobin  (Hb), 
which  exhibits  well  established  spectroscopic  characteristics  in  both  oxygenated  and 
deoxygen ated  states.  Oxygenated  Hb  has  major  absorption  bands  and  416,  541,  and  577 
nm  and  deoxygenated  Hb  has  major  absorption  bands  at  430,  556  nm;  hence,  tissue 
oxygenation  can  be  readily  assessed  spectroscopically  via  Hb.  Briefly,  a  color  image  is 
reconstructed  and  recorded  using  red,  green,  and  blue  bandpass  filters  in  front  of  three 
separate  monochrome  charge  coupled  devices  (CCDs).  3-CCD  cameras  are  widely  used 
in  operating  room  (OR)  suites  due  to  better  color  sensitivity  and  increased  color  palette 
range.  The  individual  colors  can  be  combined,  subtracted,  and  otherwise  manipulated 
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to  enhance  the  contrast  of  an  image  so  that  detection  is  sensitive  to  molecules  of 
interest,  which  for  our  purposes  is  hemoglobin. 

Enhanced  images  are  prepared  by  separating  the  filtered  responses  (see  Figure  8.1) 
and  then  by  subtracting  blue  CCD  channel  absorbance  from  the  red  CCD  channel 
absorbance.  The  enhancement  images  are  plotted  using  a  red-blue  color  map,  where  red 
corresponds  to  small  differences  between  the  signal  intensity  of  the  red  and  blue  chan¬ 
nels  and  blue  corresponds  to  large  differences  between  the  signal  intensity  of  the  red 
and  blue  channels.  3-CCD  enhancement  arises  directly  from  the  absorption  properties 
of  hemoglobin  (Hb).  While  the  red  channel  total  absorbance  for  deoxygenated  Hb 
(556-nm  band)  and  oxygenated  Hb  (541-nm  and  577-nm  bands)  are  very  similar,  the 
difference  between  deoxygenated  Hb  (430-nm  band)  and  oxygenated  Hb  (416-nm 
band)  ismuch  larger  in  theblueCCD  channel.  The  intensity  difference  between  red  and 
blue  channels  (AS)  hasa  linear  relationship  with  the  degree  of  oxygenation  in  Hb. 

SI  =  f  bfU)AU)dU) 

J  b 


S,  theabsorbancesignal  over  a  particular  wavelength  rangeW),  isevaluated  as  an  integral 
of  the  measured  absorbance  [A(2)]  over  the  wavelength  (a  to  b)  convoluted  with  filter 
attenuation  [f(2)]  over  the  same  wavelength  range.  The  contrast  between  the  two  differ¬ 
ent  fi  I  ters  issimplythedi  ff  eren  ce  of  t  h  e  two  i  n  tegral  s: 

red  -blue  ~~  ^ red  ~  ^blue 

Deoxygenated  Hb  exhibits  20%  more  absorbance  relative  to  oxygenated  Hb  in  the  blue 
channel,  when  compared  to  the  red  channel. 

When  evaluating  tissue  in  vivo,  as  in  the  studies  described  below,  still  images  of  the 
kidneys  are  analyzed  for  glare-free  regions  of  interest  (ROIs)  to  demonstrate  relative 
intensity  values,  which  may  be  compared  to  either  a  control  kidney  (baseline),  or  to 
healthy  nonischemic  surrounding  tissue,  or  to  oxygen  saturation  of  blood  (s02),  as 
described  in  Section  8.5. 


Wavelength  (nm) 


Figure  8.1  The  spectral  properties  of  hemoglobin  as  detected  by  a  3-CCD  camera. 
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8.1. 1.2  Infrared  (IR)  Imaging 

Infrared  imaging  is  based  on  two-dimensional  mapping  of  temperature  differences  by 
detecting  natural  emissionsfrom  thetissuethat  arewarmer  (or  cooler)  than  surrounding 
structures.  The  relationship  of  radiation  emitted  (E)  to  temperature  (T)  is  exponential 
(i.e.,  small  changesin  temperature  lead  to  large  changes  in  radiation)  as  expressed  by  the 
Stefan -Boltzmann  law: 

E  =oT 4 

This  relationship  is  best  demonstrated  within  the  infrared  spectrum  from  approxi¬ 
mately  3-5  microns,  necessitating  specialized  equipment.  The  I R  signal  is  used  to  assess 
thedegreeto  which  renal  surface  temperature  reflects  underlying  renal  ischemia.  There 
aremultiplemedical  and  surgical  applicationsfor  infrared  imaging,  which  includeiden- 
tification  of  biliary  and  ureteral  structures  and  inadvertent  injury  [5,  6],  as  well  as  organ 
perfusion/vi ability  in  transplant  and  general  surgery  [7].  In  Figure  8.2,  perfusion  of  a 
live  donor  kidney  is  clearly  demonstrated  with  infrared  imaging.  Prior  to  unclamping, 
the  kidney  is  dark;  as  the  kidney  reperfuses,  the  temperature  of  the  kidney  increases, 
resulting  in  a  bright  kidney.  Additionally,  reperfusion  of  various  regions  of  the  kidney 
can  be  profiled. 

Work  with  IRon  hypothermic  pulsatile  perfusion  has  demonstrated  a  strong  correla¬ 
tion  with  flow  and  resistance  with  I R  readings,  and  increased  homogeneity  of  flow  after 


Figure  8.2  Intraoperative  thermal  profiles  from  a  live  donor  kidney:  (a)  kidney  immediately  prior  to 
unclamping  vascular  pedicle;  (b)  after  48  seconds  of  reperfusion;  (c)  after  220  seconds  of  reperfusion 
and;  (d)  a  grayscale  version  of  (a)  with  the  kidney  edges  outlined.  The  blue  square  in  image  (d)  is  a  ROI 
with  the  lowest  signal,  where  the  red  square  ROI  has  the  highest  signal.  The  graph  (e)  shows  the  ther¬ 
mal  profiles  of  each  ROI  over  250  seconds.  Note  the  degree  of  heterogeneity  in  image  (b)  which  has 
resolved  by  170  seconds  later  in  image  (c). 
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pump  perfusion  both  in  small  and  large  animal  models.  Temperature  is  directly  propor¬ 
tional  to  resistance  and  is  inversely  proportional  to  flow  [8,  9]. 

In  intraoperative  studies,  temperature  profiles  undergo  spectral  (frequency)  analysis 
to  assess  their  relationship  with  well -described  oscillations  of  microcirculation.  Two 
kinds  of  oscillations  in  particular  are  noted:  tubuloglomerular  feedback  (TGF)  and  very 
slow  oscillations(VSO),  at  0.02-0.05  Hz  and  0.01  Hz,  respectively.  Whilethemagnitudes 
of  both  oscillations  diminish  with  decreasing  blood  flow,  becoming  absent  with  suffi¬ 
cient  ischemia  and  the  returning  in  a  time  dependent  manner,  VSO  is  more  sensitive  to 
ischemia  and  reperfusion  [10].  The  intrinsic  low  frequency  oscillations  seen  in  viable 
tissues  in  the  kidney  may  represent  autoregulation  in  the  form  of  tubuloglomerular 
feedback  [11].  However,  the  origin  of  the  low  frequency  oscillations  has  not  been 
established.  To  be  able  to  register  such  oscillations,  the  infrared  camera  should  be  able 
to  identify  small  ( -0.02-0. 045C)  temperature  gradients  between  perfused  vasculature 
and  tissue. 

Care  should  be  taken  to  account  the  heat  emitted  from  the  OR  spot  lights.  These 
problems  may  be  solved  with  the  use  of  surgical  light  that  incorporates  light-emitting 
diodes  (LED)  or  a  strobe  light  mechanism.  In  theorgan  procurement  setting,  however, 
this  is  less  of  a  problem;  the  IR  camera  is  positioned  above  the  organ  while  on  the 
pulsatile  perfusion  pump  (Figure  8.3).  IR  imaging  of  kidneys  preserved  at  5°C  on 
pulsatile  perfusion  still  retains  enough  temperature  contrast  to  be  clinically  useful  [9]. 
Likewise,  use  of  cold/ room  temperature  normal  saline  or  use  of  ice  intra-operativel  yean 
increase  the  background  temperature  gradient  and  highlight  ischemic  portions  in  a 
reproducible  fashion. 


8.1. 1.3  Visible  Reflectance  Imaging  System  (VRIS) 

VRIS  uses  the  spectral  signature  of  reflected  light  in  the  visible  spectrum  to  infer 
chemical  information  from  the  illuminated  sample.  Herein  we  specifically  focus  on 


(a)  (b) 


Figure  8.3  (a)  The  infrared  imaging  system  is  positioned  over  a  porcine  kidney  on  a  perfusion  pump, 
(b)  Representative  vascular  segments  are  outlined  on  the  anterior  surface  of  the  kidney. 
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oxygenated  and  deoxygenated  hemoglobin  [12]  although  other  autofluro scent  mole¬ 
cules  such  asNADH  are  also  possible  targets.  Briefly,  a  quartz-tungsten  halogen  lamp, 
emitting  100  watts  of  light,  is  used  as  the  broadband  white  light  source  to  illuminatethe 
kidney.  The  light  isthen  reflected  by  mirrors  to  passthrough  a  liquid  crystal  tunable  fi  I- 
ter  (LCTF),  which  can  be  set  to  filter  specific  wavelengths  of  light.  While  the  filter  can 
function  over  the  wavelength  range  of  420-700  nm,  here  an  abbreviated  wavelength 
range  is  employed  that  focuses  just  on  hemoglobin  specific  bands  (520-645  nm).  Once 
passed  through  the  LCTF,  the  light  isthen  focused  by  a  camera  lens  onto  a  CCD  for  data 
collection.  Once  data  collection  is  finished,  image  analysis  is  performed  on  a  personal 
computer.  In  Figure  8.4,  the  index  finger  of  the  hand  was  made  ischemic  by  occlusion 
with  a  rubber  band.  The  VRIS  image  shows  a  clear  difference  between  the  ischemic 
finger  and  the  rest  of  the  hand.  The  spectral  profile  of  the  perfused  finger  exhibits 
oxygenated  Hb  bands(544  nm  and  577  nm),  while  the  spectral  profile  of  the  ischemic 
finger  indicates  the  presence  of  predominately  deoxygenated  Hb  (565  nm). 

Reflectance  spectroscopy,  eitherin  thevisibleor  near-infrared  (NIR)  range,  isbecom- 
ing  a  popular  technology  for  obtaining  noninvasive  real-time  chemical  information 
from  tissue.  NIR  illumination  provides  a  greater  depth  of  penetration  below  the  surface 
compared  to  visible  illumination,  whereas  visible  illumination  is  able  to  reliably  and 
quickly  gain  spectral  information,  though  from  a  smaller  volume  of  tissue.  Because  the 
difference  in  Hb  oxygenation  is  greater  in  the  blue  region  of  the  visible  light  spectrum 
and  itsdepth  of  penetration  isreduced,  VRIScan  obtain  saturated  oxygen  measurements 
(s02)  more  rapidly  and  from  a  smaller  more  shallow  tissue  sample  [13].  These  character¬ 
istics  allow  for  its  use  in  smaller  probes,  even  becoming  incorporated  into  an  endo¬ 
scope/laparoscope.  Reflectance  spectroscopy  has  found  applications  in  continuous 
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Figure  8.4  Human  hand  with  focal  ischemia  to  the  index  finger  as  visualized  by  VRIS. 
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peripheral  tissue  oximetry  for  identification  of  multiple  organ  failure  vulnerability  in 
trauma  patients  [14],  to  quantify  cardiac  myoglobin  oxygenation/hypoxia  and  its  con¬ 
tribution  to  supplying  mitochondria  in  increased  cardiac  workload  [15],  and  assessing 
the  viability  of  skin  flaps  [16]. 


8.1. 1.4  Technology  Summary 

Each  of  the  imaging  technologies  has  strengths  and  weaknesses  in  the  operative  or  pro¬ 
curement  setting.  3-CCD  cameras  can  provide  global  tissue  oxygenation  information 
during  pump  perfusion  and  postanastomosis.  3-CCD  cameras  are  widely  used  in  the 
operating  room  and  therefore  less  expensive,  and  the  software  for  real-time  analysis  is 
quickly  becoming  a  reality.  However,  the  depth  of  penetration  for  the  image  analysis  is 
superficial  and  essentially  limited  to  an  exposed  organ  surface.  I R  complements  3-CCD 
by  providing  enhanced  penetration  depth,  approximately  1-2  cm.  The  enhanced  pene¬ 
tration  depth  allows  I R  imaging  to  monitor  tissue  temperature  and  circulation  during 
machine  perfusion  or  in  vivo  post  anastomosis,  including  assessment  of  the  hetero¬ 
geneity  of  tissue  microcirculation,  particularly  relevant  in  normothermic  perfusion 
of  ischemically  damaged  organs.  Further,  IR  is  capable  of  detecting  and  quantifying 
potentially  metabolic  and  regulatory  information  in  the  oscillations  within  the  micro- 
circulation.  Finally,  VRIS  further  complements  3-CCD  and  IR  by  providing  an  entire 
spectrum  of  light  over  a  given  range,  offering  very  specific  chemical  information  beyond 
3CCD  images,  for  instance  tissue  NADH  levels  as  an  indicator  of  energy  levels  dur¬ 
ing/after  ischemia.  VRIS  is  able  to  measure  small  volumes  of  tissue  quickly,  as  part  of  a 
probe  or  endoscope  [13,  17-21]  or  more  conventionally  for  a  more  global  picture  of 
organ  perfusion  [22-25].  It  remains  capable  of,  though  further  from,  real-time  assess¬ 
ment  than  the  other  technologies  and  it  is  not  currently  commercially  available. 

In  tandem,  thethreeimaging  modalities  can  provide  detailed  information  about  the 
ischemic  status  of  the  organ  at  all  stagesof  organ  recovery,  preservation,  and  transplan¬ 
tation .  Fi  gu  re  8 . 5  su  m  m  ari  zes  each  tech  n  o I  ogy  an  d  sh  o ws  h  o w  t h  ey  m  i  gh  t  be  i  n  tegrated 
into  a  single  platform.  Ultimately,  we  envision  that  the  information  provided  by  these 
imaging  methods  can  be  employed  to  assess  the  viability  of  the  organ  in  an  objective, 
quantitative,  and  accurate  fashion  such  that  the  decision  to  transplant  can  be  done 
accurately  with  minimal  waste  of  donor  organs. 


8.2  Experimental  Design 

Below  we  describe  the  equipment,  materials,  and  methods  necessary  to  perform  com¬ 
bined  imagingwith  3-CCD,  IR,  and  VRIStechniquesto  evaluate  ischemia  in  kidneys.  In 
order  to  assist  in  visualizing  the  experiments,  the  design  is  presented  as  a  hypothetical 
study  evaluation  viability  of  porcine  kidneys  after  preservation  in  Figure  8.6,  where  an 
autotransplant  model  (a  Maastricht  1-2  renal  autotransplantation/nephrectomy  model 
with  24  hours  of  interposed  storage/pump  time)  is  employed  to  compare  the  data  and 
results  obtained  by  imaging  modalities  described  with  short  term  clinical  outcomes 
(urine  output,  serum  creatinine,  and  histology).  However,  note  that  typical  results  are 
exemplified  in  only  someof  these  experimental  scenarios.  Specifically,  theexperi  mental 
data  presented  demonstrates  the  use  of  I R  on  hypothermic  and  normothermic  perfu- 
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VRIS 


•Widely  available 
•Easy  to  use 

•Potential  for  real  time 
analysis 

•Validation  of  renal 
oxygenation  in  pigs  with 
intensity 

•Superficial  depth  of 
penetration 


•Tissue  temperature  as 
surrogate  for  perfusion  in 
vivo 

•Temperature  inversely 
proportional  to  resistance 
on  pump 

•Cellular  oscillations  may 
prove  to  be  important 
measurements  of  viability 

•  1-2  cm  depth  of 
penetration 


•Provides  global  and 
point  spectroscopic 
information  about 
tissue  oxygenation 

•Autofluorescence 
with  NADH 

•Real-time 
information  possible 

•Superficial  depth  of 
penetration 


Figure  8.5  Summary  of  the  optical  and  spectroscopic  technologies  with  an  operating  microscope 
platform  incorporating  each  of  the  technologies. 


sion,  as  well  as  ischemia  reperfusion  injury  models  in  large  and  small  animals.  3-CCD 
and  VRIS  have  been  studied  in  large  animals  without  perfusion  in  an  ischemic 
reperfusion  injury  model.  Clinical  utility  has  been  demonstrated  with  both  3-CCD  and 
VRIS  in  normothermic  perfusion-preservation. 


8.3  Materials 

•  Pigs— either  sex,  any  age,  size  20-40  kg,  8  pigs  per  arm,  24  total  (Animal  Biotech 
Industries,  Inc.  Danboro,  Pennsylvania). 

•Anesthetic  medications:  IV  Ketamine,  Buprenorphine,  Cefazolin/Ceftriaxone, 
Beuthanasia  (www.henryschein.com,  Melville,  New  York). 

•  Operative  suite-standard  halogen  spot  lights,  laparotomy  set,  drapes,  suction. 

•  3-CCD  camera— laparoscopic  camera  without  laparoscopic  lens  mounted  on  OR 
lights,  above  pump  during  normothermic  perfusion.  Options  for  3-CCD  equip¬ 
ment  include: 

•  Conmed  Linvatec  (Goleta,  California)  laparoscopic  tower  includes:  HD  3-CCD 
camera  head,  300W  Xenon  light  source,  fiber  optic  light  guide; 
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Figure  8.6  Proposed  experimental  design. 


•  Stryker  (San  Jose,  California)  laparoscopic  tower  includes:  camera  head  and 
coupler  kit,  three-chip  camera  head,  Xenon  light  source  (100W),  fiber  optic 
light  cable; 

•  Storz  (El  Segundo,  California)  laparoscopic  tower  includes:  camera  head  and 
coupler  kit,  3-chip  camera  head,  Xenon  light  source  (100W),  fiber  optic  light 
cable. 

•  Infrared  advanced  digital  camera  (Santa  Barbara  Focal  Plan  Array,  California)  on 
Zeiss  operating  microscopic  stand  with  conventional  surgical  drapes.  The  camera 
(14  bits,  0.02°C  thermal  resolution,  320  x256  pixels  per  image,  1-2.0  Hz  acquisi¬ 
tion  rate)  is  sensitive  to  the  passive  emission  of  IR  photons  over  the  wavelength 
range  of  3-5  microns.  Intraoperative  motion  artifacts  may  be  managed  with  aplas¬ 
tic  holder.  Non-heat-producing  LED  OR  spot  lights  are  recommended;  however, 
conventional  OR  lights  can  be  used  with  a  strobe  mechanism.  Ten-minute  collec¬ 
tion  intervals  are  needed  for  acquisition  of  oscillations.  It  is  possible  that  the  cam¬ 
era  will  be  sensitive  enough  to  detect  temperature  differences  despite  the  heat 
generated  by  conventional  OR  lights.  The  camera  is  mounted  above  cold  and 
normothermic  pumps  on  either  a  Zeiss  operating  stand  or  another  mounting 
bracket. 
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•  VRIS— intermittent  collection  intervals  lasting  1.5  minutes,  dual  mounting  on 
Zeiss  operating  stand  with  sterile  drapes.  This  system  requires  a  white  light  source 
during  data  acquisition: 

•  Output  -100W,  66890  Series  Q  quartz-tungsten-halogen  lamp  (Newport-Oriel, 
Stratford,  Connecticut); 

•  LCTF,  400-720  nm,  10-nm  bandwidth  (Cri  Inc.,  Woburn,  Massachusetts); 

•  Sensys,  768  x512  pixel  charge-coupled  device  detector  (Photometries,  Tucson, 
Arizona). 

•Waters  RM3  renal  preservation  system  perfusion  pump  (Minneapolis,  Minne¬ 
sota)— Cold  storage  and  cold  pump  solution  is  Belzer  machine  preservative  solu¬ 
tion,  while  the  normothermic  perfusion  pump  should  have  Lifor  organ 
preservation  medium  (Adelphia,  New  Jersey). 

•  Viaspan  (also  called  University  of  Wisconsin,  UW)  solution  for  organ  cold  storage 
from  Cardinal  Health  (Dublin,  Ohio);  Belzer  (UW  pump)  from  Transmed  Corpora¬ 
tion  (Elk  River,  Minnesota);  Lifor  solution  from  Lifeblood  Medical  (Adelphia,  New 
Jersey,  www.lifebloodmedical.com). 

•  Video  screen  for  intraoperative  results. 

•  Computer  and  M  ATLAB  software  for  analysis. 

•  Cold  storage— wet  ice. 


8.4  Methods 

8.4.1  Room  Setup 

Thesurgical  suiteshould  haveadequate illumination  with  astandard  surgical  spot  light. 
A  3-CCD  camera  should  be  fixed  to  the  arm  of  the  spot  light  with  an  adequate  view  of 
thesurgical  field.  The  VRIS  equipment  should  be  positioned  on  the  pig's  left  side  with 
appropriate  operating  microscope  and  surgical  draping.  Thisarray  should  be  positioned 
above  the  exposed  left  kidney  for  a  complete  view  of  the  anterior  surface.  The  I R  camera 
should  be  on  the  pig's  right  side,  positioned  50-60  centimeters  above  the  exposed  left 
kidney. 


8.4.2  Preparation  for  Kidney  Harvest 

1.  An  18-gauge  core  needle  biopsy  device  should  be  kept  close  at  hand.  Be  prepared  to 
place  a  figure-of-eight  stitch  into  the  biopsy  wounds  if  they  bleed. 

2.  Sedate  and  anesthetize  the  animal  with  isoflurane. 

3.  Position  the  pig  on  its  right  side  down.  Prep  and  drape  with  standard  surgical 
drapes. 

4.  Perform  a  cut  down  over  the  external  jugular  (EJ),  tunnel  the  catheter  to  the  back, 
cannulate  the  EJ  by  modified  Seldinger  technique,  secure  catheter  with  heavy  silk 
suture,  and  close  the  cut  down  incision. 

5.  Reposition  the  pig  into  supine  position,  prep  and  drape  abdomen  in  standard 
surgical  fashion. 

6.  Make  a  midline  abdominal  incision  with  left  renal  mobilization,  hilar  dissection 
and  identification  of  all  renal  vessels. 
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7.  Position  your  Debakey  vascular  (or  intestinal)  clamps  around  the  renal  arteries. 


8.4.3  Left  Kidney  Harvest,  Preservation,  and  Data  Collection 

1.  Obtain  baseline  measurements  with  3-CCD,  IR,  and  VRIS  systems.  I R  data  col  lection 
for  20  minutes  with  OR  lights  off,  VRIS  data  collection  for  1.5  minutes  with  OR 
lights  on;  harvest  punch  biopsy. 

2.  Clamp  left  renal  artery,  begin  timing,  and  proceed  with  left  renal  harvest. 

3.  At  ischemia  for  10,  20,  30,  45,  ands60  minutes,  gather  IR  images  without  the  OR 
spot  light  for  10-minute  intervals,  then  VRISfor  1.5  minutes. 

4.  While  waiting  for  the  imaging  to  be  completed  the  Waters  RM3  (Waters  Medical, 
Rochester,  Minnesota)  renal  preservation  system  should  beset  up  and  primed  with 
corresponding  perfusate  for  arm  2  or  arm  3.  The  Waters  RM  3  was  chosen  for  this 
experiment  because  it  is  the  only  FDA-approved  renal  perfusion  system  that  uses 
true  pulsatile  pressure  and  has  a  built-in  oxygenator. 

5.  After  the  kidney  has  been  imaged,  transect  the  kidney  from  the  swine. 

6.  Take  the  kidney  to  the  back  table. 

7.  Dissect  the  renal  artery  and  vein  and  remove  the  adipose  tissue  from  the  renal 
vascular  structure. 

8.  Insert  the  appropriate  sized  straight  renal  cannula  (Waters  Medical,  Rochester, 
M  innesota)  into  the  renal  artery. 

9.  Tiethecannula  in  place  with  a  2-0  si  I  k  tie;  if  there  are  multiple  renal  arteries  each 
artery  should  be  individually  cannulated  and  then  placed  onto  a  multiple  artery 
adapter  (Waters  Medical,  Rochester,  M  innesota). 

10.  Place  the  cannula  onto  the  perfusion  circuit  at  approximately  a  45°  angle  until  all 
the  air  is  removed  from  the  renal  artery  and  the  cannula. 

11.  Theinitial  perfusion  pressureshould  besetforasystolicpressureof40to45mmHg, 
theflow  and  the  temperature  will  fluctuate  as  the  renal  vascular  system  dilates.  As 
the  renal  vascular  system  dilates,  the  systolic  pressure  will  decrease  and  the 
perfusion  pressure  will  need  to  be  adjusted  over  the  initial  hour  of  perfusion  to 
maintain  the  systolic  pressure  at  40  to  45  mmHg;  then  the  systolic  pressure  will  be 
maintained  over  the  perfusion  run  at  40  to  45  mmHg  until  the  kidney  is  taken  off 
the  perfusion  circuit  for  transplantation. 

12.  The  three  arms  are  separated  into  cold  storage,  cold  pump,  and  normothermic 
pump: 

a.  Cold  storage:  flush  kidney  with  Viaspan  solution,  and  place  on  ice.  Perform 
3-CCD,  VRIS,  and  IR  image  collection  every  4  hours  as  above.  Punch  biopsy 
harvested  every  8  hours. 

b.  Cold  pump:  flush  kidney  with  Belzer  solution  and  place  in  ice  and  on  pump. 
Record  pump  pressure,  flow,  resistance,  and  chemistries  every  hour1,  with 
intermittent  IR  measurements  every  4  hours.  A  punch  biopsy  is  harvested  from 
the  posterior  surface  of  the  organ  every  8  hours.  Perform  3-CCD,  VRIS  and  IR 
image  col  lection  every  4  hours  as  above.  Punch  biopsy  harvested  every  8  hours. 

c.  Normothermic  pump:  flush  with  Lifor  perfusi  I  ate  solution,  place  on  pump. 
Record  pump  pressure,  flow,  resistance,  and  chemistries  every  hour.  Punch 

PerfusatepH,  P02,  PC02,  Na,  K+,  ionized  calcium,  lactate,  glucose,  calculated  bicarb,  osmolality. 
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biopsy  harvested  every  8  hours.  Perform  3-CCD,  IR,  VRISdata  collection  every  4 
hours  as  above. 

8.4.4  Autotransplantation 

1.  Return  pig  to  OR  after  24  hours  on  pump/in  storage;  anesthetize  and  prepare  for 
surgery  in  standard  fashion. 

2.  Using  the  same  midline  incision,  perform  right  nephrectomy.  Keep  the  kidney  on 
the  perfusion  circuit  until  the  right  iliac  fossa  is  prepared  for  implantation. 

3.  Remove  the  perfused  kidney  from  the  perfusion  circuit  and  flush  with  cold  lactated 
ringers  (both  Belzer  and  Lifor  have  potassium,  which  could  potentially  cause 
cardiac  problems). 

4.  After  right  iliac  fossa  has  been  prepared  for  autotransplantation,  finish  venous  anas¬ 
tomosis,  and  begin  timing  at  reanastomosis  of  renal  artery. 

8.4.5  Reanastomosis 

3-CCD,  VRIS,  I R  data  col  lection  performed  at  reanastomosis,  and  again  after  10, 15,  and 

30  minutes.  Punch  biopsy  harvested  at  30  minutes  after  arterial  reanastomosis. 

8.4.6  Completion  of  Surgery,  Recovery,  and  Euthanasia 

1.  Complete  reanastomosis  of  ureter,  close  abdomen. 

2.  Recover  animal  from  anesthesia  and  surgery  with  appropriate  postoperative 
management. 

3.  Analgesia  can  be  provided  with  Buprenex  0.5-1. 0  mg/kg  IM  every  12  hours  for  the 
first  3  days. 

4.  Record  urine  output  and  serum  creatinine  every  24  hours. 

5.  Euthanize  at  14-21  days  as  creatinine  stabilizes.  Routine  euthanasia:  Ketamine  (33 
mg/kg)  followed  by  Beuthanasia  100  mg/kg  IV.  Alternate  euthanasia:  Ketamine 
(12-20  mg/kg)  plusXylazin  (2.2  mg/kg)  IM,  followed  by  Euthasol  6  100  mg/kg  IV. 


8.5  Data  Acquisition,  Anticipated  Results,  and 
Interpretation 

Outcomesforthethreearms(cold  storage,  cold  pump,  and  normothermic  pump)  can  be 
divided  into  traditional  and  experimental  outcomes.  Traditional  clinical  measures 
include  serum  creatinine,  primary  nonfunction,  and  delayed  graft  function2.  Our 
method  seeks  to  add  moredirect  measurements  of  oxygenation  and  cellular  respiration 
(3-CCD,  VRIS,  and  IR)  to  enable  better  assessment  of  organ  viability. 

8.5.1  3-CCD 

Using  appropriate  imaging  software  (such  asMATLAB),  regions  of  interest  (ROIs)  should 
be  selected  on  the  surface  of  the  kidney  from  each  stage  of  the  experiment,  as  illustrated 
in  Figure  8.7.  Each  ROI  should  beatleast  10  pixels  (usually  on  theorderof  50  x50)  and 

Defined  as  failure  of  creatinine  to  improve  by  greater  than  or  equal  to  25%of  baselinein  24hours. 
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Figure  8.7  The  anterior  surface  of  porcine  kidney  with  approximate  vascular  segments  (solid  lines). 
Note  the  glare  on  middle  and  inferior  segments  that  should  be  avoided  when  creating  RO Is  (dotted 
boxes). 


free  from  blood  or  obviousfat/ connective  tissue.  A  mean  value  is  generated  per  ROI.  The 
ROIsfromeach  segment  are  then  averaged  together  to  form  a  mean  intensity  value  for 
each  segment. 

Next,  the  intensity  value  is  then  converted  to  s02  using  calibration  data.  Figure  8.8 
provides  an  example  of  a  calibration  data  set.  For  the  calibration  experiment,  3-CCD 
measurements  were  made  as  Fi02  was  decreased  from  100%  to  2%.  As  s02  stabilized  at 
each  Fi02,  renal  venous  blood  draws  provided  direct  s02  measurements.  Plotting  the 
mean  ROI  intensity  values  of  the  kidney  parenchyma  versus  renal  blood  oxygenation 
yields  a  linear  relationship.  Using  the  equations  derived  from  the  trendlines  of  the  cali¬ 
bration  data,  the  mean  ROI  intensity  value  can  be  converted  to  s02. 

3-CCD  intensity  values  have  been  compared  with  postoperative  renal  function.  In  a 
series  of  nine  living  donor  renal  transplants,  mobilized  by  laparoscopic  nephrectomy 
under  3-CCD  visualization,  intraoperative  3-CCD  intensity  values  were  compared  to 
seru  m  creati  nine  before  an  d  after  su  rgery  (Tabl  e  8. 1) .  Tabl  e  8. 1  sh  ows  th  e  mean  i  n  ten  si  ty 
normalized  ROI  valuesof  human  kidneys  from  both  thestart  and  end  of  each  transplant 
with  recipient  serum  creatinine  levels,  pre-  and  post-operative  (all  donor  creatinine  lev¬ 
els  were  normal).  Normal  serum  creatinine  levels  are  =1.6mg/ml_  [26].  In  ninepatients, 
there  were  no  significant  differences  in  ROI  intensity  from  the  beginning  to  end  of  the 
donor  nephrectomy,  indicating  that  mobilization  of  the  donor  kidney  was  performed 
without  a  significant  measurable  ischemic  event  (p-values  were  calculated  using  a 
two-tailed  paired  Student's  T-test).  All  graft  recipients  demonstrated  immediate  graft 
function  with  eight  of  nine  patients'  serum  creatinine  returning  to  normal.  Note 
that  comparison  between  cases  in  this  series  is  not  performed  due  to  variability  in 
illumination  and  duration  of  pneumoperitoneum  [26]. 

Measuring  the  standard  deviation  within  each  ROI  denotes  how  homogenous  the 
sample  area  is  or  is  not— factors  that  can  attribute  to  reduced  homogeneity  are  glare 
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Figure  8.8  A  graph  demonstrating  the  correlation  of  mean  ROI  intensity  values  and  venous  s02  in 
four  kidneys.  R2  =0.977  (♦),  0.990  (■),  0.909  (A)  and  0.945  (x). 


Case 

Recipient  Serum  Creatinine 
(mg/dl) 

Mean  ROI 

Mean  ROI 

p-value 

Postop  day  1 

Postop  day  5 

Postop  day  10 

Starting  point 

End  point 

A 

5.1 

1.5 

1.7 

48.40 

44.48 

0.13 

B 

5.1 

1.7 

1.6 

54.88 

65.02 

0.56 

C 

7.9 

1.8 

1.6 

72.42 

61.17 

0.16 

D 

5.6 

1.2 

1.0 

84.27 

75.58 

0.14 

E 

4.1 

1.1 

0.9 

79.78 

68.64 

0.21 

F 

3.6 

1.3 

1.3 

81.17 

75.98 

0.38 

G 

4.1 

1.4 

1.6 

75.50 

78.96 

0.60 

H 

7.9 

2.4 

1.7 

62.41 

60.29 

0.79 

1 

3.8 

1.9 

2.0 

73.09 

67.74 

0.07 

and  superficial  fat.  In  addition,  heterogeneity  of  the  tissue  (as  indicated  by  mean  ROI 
values  with  large  standard  deviations)  may  become  clinically  relevant  with  a  segmental 
vasospasm  or  thrombosis. 

To  date,  3-CCD  imaging  has  not  been  studied  during  pulsatile  pump  perfusion,  but, 
its  clinical  applicability  should  extend  to  normothermic  pulsatileperfusion,  duein  large 
part  to  the  presence  of  bovine  hemoglobin  in  theLifor  perfusate  solution. 
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8.5.2  Infrared 

Infrared  data  consists  of  global  and  segmental  regionsof  interest  with  mean  temperature 
profiles  and  localized  oscillations.  Data  is  collected  for  a  given  collection  time  in  seg¬ 
ments  of  4  minutes.  Image  alignment  between  data  measurements  is  accomplished 
using  three  or  more  landmark  points  on  each  kidney  (i.e.,  points  of  maximal  curvature 
of  blood  vessels  or  kidney  edges  or  blood  spots).  Several  software  tools  (ENVI  imaging 
registration  tool,  validated  by  a  performance  algorithm)  exist  to  help  minimize  pixel 
frame  sh  ift  to  a  goal  of  3-5  per  i  mage.  T emperature  profi  les  (I  R  i  ntensity  versus  ti  me)  are 
obtained  for  the  established  ROIs  both  globally  and  in  segmental  fashion,  ultimately 
providing  a  temporal  aspect  to  thermal  change  (i.e.,  mean  temperature  changes  over 
time  and  localized  oscillations  for  each  ROI)  (Figure  8.9). 

Spectral  analysis  of  the  oscillation  frequency  range  for  temperature  profiles  is  per¬ 
formed  for  the  global  and  segmental  ROIs  for  living  organs  in  the  ischemia  and 
reperfusion  phases.  Figure  8.10  shows  a  correlation  between  oscillation  and  infrared 
thermography  in  the  setting  of  focal  renal  ischemia.  During  experiments,  the  presence 


Time  (min) 


inferior 

pole 


Figure  8.9  Corresponding  I R  images  with  thermal  profile  in  an  ischemia  reperfusion  model. 
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Figure  8.10  (a)  Thermal  and  (b)  oscillation  images  of  the  same  kidney  in  which  the  superior  pole  ves¬ 
sel  was  ligated  produce  an  ischemic  segment.  Note  that  the  ischemic  area  is  not  perfused  and  colder 
and  the  dominant  frequency  is  not  present. 


Temperature  A.U. 
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of  oscillations  likely  will  not  be  found  during  cold  storageorcold  pump;  however,  it  may 
be  present  during  use  of  the  normothermic  pump.  Consequently,  the  10-minute  data 
collection  intervals  should  continue  in  the  pump  phase  of  the  experiment.  Our  group 
has  already  validated  the  presence  of  these  oscillations  against  white  noise  in  small 
animals  [8]  and  further  research  is  planned  in  a  large  animal  model.  A  first-order 
polymonial  detrending  algorithm  (EN  VI/I  DL,  California)  removes  trends  that  might  be 
present  across  successive  trends  (such  as  room  temperature  changes).  A  power  spectrum 
is  calculated  by  applying  a  fast  Fourier  transformation  (FFT)  to  the  data  points  in  each 
thermal  profile  (Figure  8.11). 

The  anticipated  results  from  infrared  analysisin  this  experiment  should  bethought 
of  as  intraoperative  and  on-pump.  Intraoperatively,  thermal  profiles  and  the  very 
slow  oscillations  (VSO)  at  0.01  Hz  should  have  a  direct  relationship  with  blood  flow 
(Figure  8.12).  Accordingly,  as  the  length  of  warm  ischemic  time  progresses,  one  can 
expect  to  see  both  the  temperature  and  VSO  diminish.  Of  great  interest  isthelength  of 
ischemictimethatthekidney  can  tolerateand  recoverto  normal  function. Theexpected 
result  off-pump  is  an  attenuated  or  possibly  absent  post  occlusive  reactive  hyperemia 
(PORH). 

While  IR  imaging  can  prove  valuable  for  assessment  even  with  static  cold  storage 
perfusion  as  quantitative  measure  of  ischemia,  it  is  during  machine  perfusion— either 
with  cold  or  normothermic— that  its  true  value  is  observed;  I R  imaging  during  machine 
perfusion  enables  diagnosing  segmental  areas  of  poor  flow— perhaps  corresponding  to 
vasospasm.  Table8.2  shows  a  proportional  relationship  between  colder  thermal  profiles 
and  flow  (inversely  proportional  to  resistance)  in  porcine  and  human  kidneys.  Colder 
infrared  thermal  profiles  have  a  direct  relationship  with  flow  (V)  and  inversely  to 
resistance  (R)  during  hypothermic  pulsatile  perfusion.  Heterogeneous  perfusion  that 
improved  overtimewith  pulsatile  perfusion  would  not  have  been  seen  without  I R  views. 
Evaluating  the  hetereogeneity  of  flow  through  an  organ  isonly  possible  via  IR  imaging. 
Further,  if  such  heterogeneity  is  observed,  it  is  then  possible  to  reverse  the  vasospasm, 
for  instance  with  nitrates,  thus  treating  focal  areas  of  poorflowin  thehigher  risk  donor 
kidneys  [27]. 


IR  temperature  profile  Power  spectrum 


Figure  8.11  Using  fast  Fourier  transform  analysis  translated  thermal  profiles  into  a  power  spectrum  to  assess 
whether  the  low-frequency  oscillations  were  present  in  the  model.  Tu bu I oglomeru I ar  feedback  (TGF)  and  very 
slow  oscillations  (VSO)  at  0.02-0.05  Hz  and  0.01  Hz  can  be  seen  on  the  right. 
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Figure  8.12  The  percentage  of  the  kidney  recovering  dominant  frequency  (VSO)  after  30  minutes  of 
reperfusion.  The  recovery  of  the  DF  was  inversely  proportional  to  the  length  of  the  warm  ischemia 
period.  Therefore,  a  kidney  with  15  minutes  of  warm  ischemia  had  60%  of  the  organ  with  the  DF  while 
a  kidney  with  60  minutes  of  warm  ischemia  had  0%  to  30%  of  the  kidney  with  the  DF. 


Table  8.2  Relationships  of  Thermal  Profiles  with  Flow  (V)  and  Resistance  (R) 


Human  Kidneys 

Mean  V 

Mean  R 

Porcine  Kidneys 

Mean  V 

Mean  R 

Cool  (T  =  5.02) 

88.3 

0.24 

Cool  (T  =  5.02) 

78 

0.46 

Warm  (T  =  5.84) 

69 

0.42 

Warm  (T  =  5.84) 

38 

0.91 

P  value 

0.0044 

0.0085 

P  value 

0.008 

0.0016 

8.5.3  VRIS 

VRIS  performs  global  imaging.  Thismeansthat  an  entire  image  (two  dimensional)  iscol- 
lected  at  each  specified  wavelength,  creating  a  three  dimensional  image  cube.  The  CCD 
detects  an  image  (768  x512  pixels)  at  each  wavelength,  over  the  range  of  520-645  nm. 
To  increase  the  signal  intensity  and  reduce  the  effect  of  aberrant  photons,  threeneigh- 
boring  pixels  are  added  together;  this  process  is  called  binning.  Each  768  x  512  pixel 
image  becomes  a  256  xl70  pixel  image,  all  owing  for  faster  data  acquisition  and  reduc¬ 
ing  the  analysis  time  by  compressing  the  data.  Individual  reflectance  spectra  can  be 
extracted  from  each  pixel  in  the  image. 

The  measured  reflectance  spectra  are  converted  to  apparent  absorbance  (A)  by  creat¬ 
ing  a  ratio  of  reflected  sample  radiation  (R)  from  a  reflectance  standard  (R0)  at  given 
wavelength  (A). 

Once  all  spectra  are  apparent  absorbance  spectra,  percent  oxygenated  Hb  is  deter¬ 
mined  by  deconvolving  the  measured  spectra  into  its  Hb02  and  Hb  components; 
deconvolving  the  spectra  via  classic  least  squares  fit  is  shown  in  Figure  8.13.  By  per¬ 
forming  a  classic  least  squares  regression  for  all  of  the  spectra  in  theimagecube,  %Hb02 
is  calculated  for  each  binned  pixel.  Thus,  spectral  measurements  using  VRIS  provide  a 
direct  relationship  between  the  absorbance  of  oxygenated  hemoglobin  (Hb02)  and 
actual  tissue  oxygenation  (s02).  In  Figure  8.14(a-c),  a  kidney  is  monitored  via  every  5 
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520  540  560  580  600  620  640 

Wavelength  (nm) 

Figure  8.13  Classic  least  squares  regression  of  Hb  and  Hb02  spectra  from  a  measured  spectrum. 
Deconvolution  indicates  approximately  30%  Hb02  and  70%  Hb. 


minutes  during  30  minutes  of  cold  ischemia  (ice  slush)  and  30  minutes  of  reperfusion. 
The  relative  concentration  of  Hb02  drops  slightly  as  ice  slush  is  added  to  the  abdomen 
and  then  decreases  significantly  during  ischemia.  Followingtheunclampingof  therenal 
artery,  reperfusion  demonstrates  hyperemia  before  returning  to  a  basel  ine  value  of  Hb02 
[Figure  8.14(d)]. 

In  the  ischemia  reperfusion  model,  expected  results  include  a  dose-dependent 
decline  in  oxygenation  within  thetissuewith  a  predictable  hyperemia  with  reperfusion 
and  return  to  baseline  provided  the  ischemic  injury  is  not  irreversible.  We  anticipate 
that  VRISimages  collected  during  cold  storage  without  pump  perfusion  will  not  provide 
useful  images  due  to  the  absence  of  hemoglobin  in  the  perfusate  solution. 


8.6  Discussion  and  Commentary 

The  transplant  community  is  increasingly  relying  on  expanded  criteria  donors  (ECD) 
and  donation  after  cardiac  death  (DCD)  to  meet  the  escalating  need  for  organs.  In  this 
light,  there  is  a  recognized  need  for  better  ways  to  assess  the  viability  of  cadaveric  kid¬ 
neys  prior  to  transplantation.  The  development  of  pulsatile  perfusion  for  organ  preser¬ 
vation  in  ECD  and  DCD  kidneys  allows  for  some  measure  of  salvage  for  these  nonideal 
grafts.  The  use  of  flow  and  resistance  during  perfusion  continues  to  be  the  most  impor¬ 
tant  variables  during  machine  perfusion-preservation  of  kidneys. 

In  this  context,  the  normothermic  perfusion  approach  is  particularly  exciting 
because  it  may  actually  meet  the  metabolic  needs  of  the  kidney  while  on  pump,  con¬ 
tinue  to  supply  oxygen  via  oxygen  carriers,  and  scavenge  oxygen  radicals.  It  is  conceiv¬ 
able  that  delayed  graft  function  might  be  prevented  in  more  of  these  nonideal  donor 
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Figure  8.14  Intraoperative  VRIS  images  showing  a  kidney  during  (a)  normal  perfusion,  (b)  ischemia, 
and  (c)  reperfusion,  (d)  Changes  in  relative  Hb02  concentration,  using  the  same  ROI,  are  plotted  dur¬ 
ing  30  minutes  of  ischemia  and  reperfusion. 


kidneys,  potentially  improving  graft  survival.  Assessment  of  organ  viability  isespecially 
critical  in  this  scenario. 

The  methodology  described  here  demonstrates  the  viability  of  introducing  imag¬ 
ing  and  spectroscopic  technologies  to  the  perfusion  system  to  assess  the  extent  of 
ischemia.  The  information  gathered  provides  insight  into  the  segmental  vasculature 
via  assessment  of  heterogeneity  of  perfusion,  tissue  oxygenation  via  the  oxygenation 
of  hemoglobin  intraoperatively  and  on  pump,  and  a  rudimentary  understanding  of 
microcirculatory  regulation  with  thevery  slow  oscillations(VSO)  that  appear  to  have  an 
inverse  relationship  with  ischemia  in  living  tissue.  Ultimately  an  index  of  donor 
allograft  viability  may  be  constructed  from  either  the  degree  of  image  heterogeneity  on 
pump,  percentageof  graft  with  VSO  after  reperfusion,  or  time  at  a  given  tissue  oxygena¬ 
tion  level,  allowing  for  an  accurate  and  quantitative  prognosis  before  the  kidney  is 
transplanted,  hence  removing  the  guesswork  involved  in  marginal  donor  organ 
transplantation. 
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Each  of  the  imaging  technologies  brings  complementary  information  to  this  clinical 
scenario.  Compared  individually  to  renal  biopsy,  or  in  combination,  the  imaging  and 
spectroscopic  modal  ities  of  3-CCD,  IR,  and  VRIS  hold  a  great  deal  of  promise  for  accurate 
monitoringof  renal  allograft  perfusion  in  the  intraoperative  and  organ  preservation  set¬ 
tings.  Accurate  real-time  information  about  tissue  oxygenation  is  also  critical  with  the 
transplantation  of  other  organs.  In  the  bowel,  a  global  analysis  with  3-CCD  or  VRIS  of 
the  surfaces  of  relatively  large  amounts  of  tissue  would  be  important.  In  particular,  the 
use  of  3-CCD  intraoperatively  to  assess  bowel  viability  in  necrotizing  enterocolitis  or  a 
mid-gut  volvulus  might  keep  a  patient  from  the  morbidity  and  mortality  associated  with 
asmall  bowel  transplant.  Infrared  imagingwith  its  greater  depth  of  penetration  could  be 
useful  for  pancreas  or  liver.  Cardiac  transplantation  might  well  benefit  from  3-CCD, 
VRIS,  and  particularly  IR  if  motion  artifact  can  be  accounted  for. 


Troubleshooting  Table 


Complication 


Standard  deviation  >20  on  3-CCD  intensity, 

ROIs  including  glare. 

Poor  illumination  on  3-CCD  image. 

Too  much  motion  artifact  intraoperatively. 

Bleeding  after  punch  biopsy. 

High  flow,  low  diastolic  pressure. 

High  systolic  pressure,  low  flow. 

High  systolic  pressure. 

No  visual  hilar  pulse,  reasonable  pressure,  low  to  moderate 
flows. 


Solution 


Change  ROI  to  avoid  glare. 

Perform  white  balance. 

Fashion  plastic  holder/surgical  towels  to  immobilize  organ. 
Figure  of  8  stitch. 

Branch  artery  leak  or  artery  leak,  or  leak  around  cannula. 
Twisted  artery. 

Kinked  artery,  partially  occluded  artery  with  plaque/cannula. 
Partially  twisted  artery,  partially  blocked  artery  by 
cannula/plaque. 


8.8  Summary  Points 

•  The  increasing  demand  for  expanded  criteria  donors  (ECD)  and  donors  after  car¬ 
diac  death  (DCD)  highlights  the  need  to  have  accurate,  specific  methods  of  assess¬ 
ing  organ  viability. 

•  Infrared  (IR)  imaging  can  add  to  organ  preservation  on  pulsatile  perfusion  pump 
with  hypothermic  perfusate  the  ability  to  assess  segmental  flow  and  resistance, 
and,  in  living  tissue,  oscillationsthat  may  be  related  to  microcirculatory  regulation. 

•  3-CCD  and  VRIScan  add  to  organ  preservation  the  ability  to  record  tissue  oxygena¬ 
tion,  even  while  on  pulsatile  perfusion  pump  with  normothermic  perfusate. 

•  Intraoperatively,  3-CCD,  IR,  and  VRIScan  diagnose  focal  ischemia  and  measure 
tissue  response  to  reperfusion. 

•  Each  of  these  technologies  individually  or  in  combination  adds  relevant  clinical 
information  to  renal  transplantation  in  the  intraoperative  and  organ  procurement 
settings. 
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Abstract.  Wound  care  and  management  accounted  for  over  1 .8  million  hospital  discharges  in  2009.  The  complex 
nature  of  wound  physiology  involves  hundreds  of  overlapping  processes  that  we  have  only  begun  to  understand 
over  the  past  three  decades.  The  management  of  wounds  remains  a  significant  challenge  for  inexperienced  clin¬ 
icians.  The  ensuing  inflammatory  response  ultimately  dictates  the  pace  of  wound  healing  and  tissue  regeneration. 
Consequently,  the  eventual  timing  of  wound  closure  or  definitive  coverage  is  often  subjective.  Some  wounds  fail  to 
close,  or  dehisce,  despite  the  use  and  application  of  novel  wound-specific  treatment  modalities.  An  understanding 
of  the  molecular  environment  of  acute  and  chronic  wounds  throughout  the  wound-healing  process  can  provide 
valuable  insight  into  the  mechanisms  associated  with  the  patient's  outcome.  Pathologic  alterations  of  wounds  are 
accompanied  by  fundamental  changes  in  the  molecular  environment  that  can  be  analyzed  by  vibrational  spectro¬ 
scopy.  Vibrational  spectroscopy,  specifically  Raman  and  Fourier  transform  infrared  spectroscopy,  offers  the  cap¬ 
ability  to  accurately  detect  and  identify  the  various  molecules  that  compose  the  extracellular  matrix  during  wound 
healing  in  their  native  state.  The  identified  changes  might  provide  the  objective  markers  of  wound  healing,  which 
can  then  be  integrated  with  clinical  characteristics  to  guide  the  management  of  wounds.  ©  2072  Society  of  Photo-Optical 

Instrumentation  Engineers  (SPIE).  [DOI:  1 0.1 1 1  7/1  .JBO.I  7.1 .01 0902] 
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1  Introduction 

There  is  no  healthcare  specialty  that  is  free  from  the  morbidity 
and  costs  of  wound  development  in  a  patient.  In  2009,  U.S.  hos¬ 
pitals  discharged  over  1,300,000  patients  with  chronic  wounds 
and  more  than  547,000  with  traumatic  wounds  (classified  as 
>10%  body  surface  area  burn  or  open  wound).1  U.S.  healthcare 
costs  related  to  wound  treatment  are  well  over  $20  billion  yearly, 
and  the  impact  of  wound  healing  on  these  expenditures  is  exten¬ 
sive.2  In  addition,  if  every  surgical  procedure  is  considered  a 
case  of  an  acute  wound,  the  significance  of  wound  healing  is 
simply  tremendous. 

Although  the  wound-healing  process  of  acute  wounds  such 
as  surgical  incisions  is  fairly  well  understood,  the  modified 
wound-healing  process  encountered  in  patients  with  chronic 
wounds  and  some  traumatic  acute  wounds  still  requires  elucida¬ 
tion.  Normal  healing  of  an  acute  wound  is  directed  by  a  cascade 
of  growth  factors  and  cell  signaling  that  allows  the  wounds  to 
repair  quickly.  Chronic  wounds  and  some  traumatic  acute 
wounds  are  much  slower  to  heal  and  behave  differently  for  sev¬ 
eral  underlying  reasons.  There  may  be  a  pathologic  process  such 
as  infection  that  prevents  the  wound  from  healing  normally. 
Additionally,  wound  healing  may  be  complicated  by  a  pro¬ 
longed  inflammatory  phase  that  inhibits  normal  levels  of  chemi¬ 
cal  mediators  and  cell  recruitment.  Finally,  the  patient’s  general 
condition  contributes  to  the  rate  of  wound  healing;  malnutrition 
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and  comorbidities  such  as  diabetes  are  associated  with  impaired 
wound  healing.3 

Improved  objective  assessment  of  wounds  would  be  condu¬ 
cive  to  better  treatment  of  them,  which  might  result  in  faster 
healing  times,  decreased  infection  rates,  and  decreased  local 
and  systemic  complications  of  injury.  For  instance,  if  visits  to 
the  operating  room  were  reduced  by  one  instance  per  patient 
for  140  patients  at  one  hospital,  the  cost  savings  would  be 
over  $2  million.  The  eventual  timing  of  wound  closure  is 
often  subjective,  and  there  exists  a  need  for  an  objective  evalua¬ 
tion  of  the  molecular  environment  of  wounds  throughout  the 
wound-healing  process.  The  use  of  vibrational  spectroscopy 
and  imaging  for  increased  diagnostic  accuracy  and  better 
wound  treatment  can  produce  improved  clinical  outcomes 
and  decreased  patient  morbidity,  resulting  in  an  earlier  return 
to  an  improved  quality  of  life. 

2  Wound  Pathophysiology  and  the  Process  of 
Wound  Healing 

Several  parameters  are  used  to  classify  wounds:  the  layers  of 
tissue  involved,  the  origin  and  duration  of  the  wound,  and 
the  type  of  wound  closure  used  (i.e.,  surgical  closure  with 
sutures  or  formation  of  scar  tissue).  Origin  and  duration  dictate 
whether  a  wound  is  classified  as  chronic  or  acute.  Wounds 
resulting  from  trauma  or  surgery  are  acute  wounds  and  generally 
proceed  normally  through  the  wound-healing  process.  An  inci¬ 
sion  site  in  the  abdomen,  a  third-degree  burn,  or  a  crushed  limb 
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is  termed  an  “acute  wound.”  Wounds  arising  from  chronic 
inflammation,  repetitive  insult,  or  vascular  compromise  that 
fail  to  heal  normally  or  in  a  timely  manner  are  called  “chronic 
wounds.”  Pressure  ulcers  and  diabetic  foot  ulcers  are  examples 
of  chronic  wounds.  Acute  wounds  generally  begin  with  a  single, 
abrupt  insult  and  progress  through  the  healing  process  in  an 
orderly  manner.  Conversely,  chronic  wounds  are  usually  caused 
by  a  pathologic  process  such  as  infection  or  poor  circulation. 

In  general,  the  wound-healing  process  proceeds  through 
regeneration  and/or  repair.  “Wound  regeneration”  is  the  renewal 
of  the  damaged  tissue  with  healthy  tissue  that  is  the  same, 
whereas  “wound  repair”  is  the  replacement  of  the  damaged  tis¬ 
sue  by  scar  tissue.  Wounds  that  are  confined  to  the  superficial 
layers  of  skin  heal  by  regeneration,  but  wounds  that  penetrate 
deep  into  the  subcutaneous  layers  are  not  able  to  regenerate 
and  heal  by  scar  formation.  The  overall  sequence  of  events 
that  precedes  injury  is  thought  to  be  similar  for  chronic  and 
acute  wounds  whereby  chronic  wounds  simply  stall  at  one  or 
more  stages  during  the  wound-healing  process.4 

The  first  step  in  wound  healing  is  hemostasis,  the  vascular 
response  that  triggers  platelet  activation  and  aggregation,  clot 
formation,  and  vasoconstriction.  The  second  step  in  wound  heal¬ 
ing  is  inflammation — capillaries  vasodilate,  and  neutrophils  and 
macrophages  migrate  to  the  wound  bed  to  debride  the  wound 
and  secrete  growth  factors  to  promote  angiogenesis  and  connec¬ 
tive  tissue  synthesis  (tissue  inhibitors  of  matrix  metallopro- 
teases,  matrix  metalloproteases,  transforming  growth  factor-a 
and  transforming  growth  factor-//,  interleukin- 1,  interleukin-6, 
interleukin- 8,  epidermal  growth  factor,  and  keratinocyte  growth 
factor).  The  third  step  in  wound  healing  is  proliferation,  a  multi- 
step  process  involving  epithelialization  (early  formation  of  the 
new  wound  bed  from  fibroblasts),  neoangiogenesis  (induction 
of  new  vasculature),  and  matrix  and/or  collagen  deposition. 
The  final  step  in  wound  healing  is  wound  contraction  and 
maturation  and/or  remodeling — the  wound  edges  close,  and  a 
stronger,  more  orderly  matrix  forms  scar  tissue.4 

Numerous  factors  that  can  affect  the  wound-healing  process 
make  an  already  complicated  process  even  more  difficult  to  accu¬ 
rately  assess.  These  factors  include  age,  stress,  nutrition,  tissue 
perfusion  and  oxygenation,  infection,  and  other  comorbidities, 
such  as  obesity,  diabetes  mellitus,  immunosuppression,  pulmon¬ 
ary  disease,  renal  disease,  and  vascular  disease.  Unfortunately,  in 
some  cases,  wound  healing  is  complicated  by  dehiscence,  in 
which  “closed”  wounds  fall  apart  and  reopen.  The  events  leading 
up  to  wound  dehiscence  are  not  well  understood  but  are  suspected 
to  result  from  an  intensely  exaggerated  inflammatory  response.4 
Currently,  wounds  are  evaluated  on  the  basis  of  parameters  such 
as  location  of  injury,  adequacy  of  perfusion,  gross  appearance  of 
the  wound,  wound  tensile  strength,  and  the  patient’s  general  con¬ 
dition.  Although  parameters  such  as  the  location  of  injury,  the 
gross  appearance  of  the  wound,  and  the  patient’s  general  condi¬ 
tion  are  fairly  obvious  and  can  be  reasonably  assessed,  para¬ 
meters  such  as  the  adequacy  of  perfusion  and  tensile  strength 
are  not  readily  quantifiable  during  surgery.  It  has  previously 
been  demonstrated  that  there  is  a  greater  incidence  of  associated 
vascular  injury  in  slowly  healing  wounds  than  in  normally  heal¬ 
ing  wounds.5  It  is  also  well  established  that  the  tensile  strength  of 
the  wound  is  dependent  on  collagen  deposition.6  There  exists  a 
need  for  technologies  that  can  be  used  to  noninvasively  and 
objectively  assess  these  challenging  parameters. 


3  Raman  and  Fourier  Transform  Infrared 
Spectroscopy 

Raman  and  Fourier  transform  infrared  (FTIR)  spectroscopy  are 
types  of  vibrational  spectroscopy  that  measure  the  vibrational 
frequencies  of  molecules  as  the  molecules  are  excited  by  inci¬ 
dent  photons.  Every  molecule  has  a  unique  fingerprint  of  vibra¬ 
tional  frequencies,  which  makes  Raman  and  FTIR  spectroscopy 
highly  specific  techniques  for  molecular  identification.  Both 
techniques  can  be  employed  noninvasively,  making  them 
ideal  for  biomedical  applications.  Raman  spectroscopy  and 
FTIR  spectroscopy  are  sometimes  referred  to  as  “sister”  techni¬ 
ques  and  provide  complementary  information  about  molecules, 
but  they  differ  in  several  fundamental  ways. 

Raman  spectroscopy  arises  from  the  inelastic  scattering  of 
ultraviolet,  visible,  or  near-infrared  light  when  a  photon  interacts 
with  a  molecule.  Raman  scattering  is  an  inherently  weak  pro¬ 
cess,  and,  as  such,  samples  are  typically  illuminated  by  laser 
light.  Light  scattered  by  the  sample  is  diffracted  into  individual 
wavelengths  by  a  spectrograph  and  collected  by  a  detector  such 
as  a  CCD  or  CMOS  sensor.7  Raman  systems  can  be  coupled  to  a 
microscope  and  motorized  stage  for  high-resolution  imaging8-14 
or  to  a  fiberoptic  probe  for  bulk  in  vivo  sampling.15-20  Raman 
spectroscopy’s  independence  from  a  specific  sample  thickness 
and  lack  of  spectral  interference  from  water  make  it  an  ideal 
technique  for  biomedical  applications.  One  disadvantage  of 
Raman  spectroscopy  in  the  biomedical  arena,  however,  is  its 
inherently  weak  signal,  which  can  be  overwhelmed  by  sample 
fluorescence.  Often  this  is  overcome  by  excitation  in  the  near- 
infrared  region  of  the  spectrum  where  biological  molecules  tend 
not  to  fluoresce.  There  are  other  advanced  configurations  and 
applications  of  Raman  spectroscopy,  but  they  lie  outside  the 
scope  of  this  review.21-25. 

FTIR  spectroscopy  consists  of  the  absorbance  of  frequencies 
of  light  by  a  molecule  that  contains  the  same  vibrational  fre¬ 
quencies  within  its  molecular  bonds.  A  beam  of  infrared  light 
is  passed  through  or  reflected  by  a  sample.  Some  light  is 
absorbed  by  the  sample’s  vibrational  frequencies,  and  the 
remaining  light  is  transmitted  to  an  interferometer  and  then  col¬ 
lected  by  a  detector,  such  as  a  mercury  cadmium  telluride  photo- 
conductive  detector  or  an  indium  gallium  arsenide  photodiode 
detector.26  As  with  Raman  spectroscopic  systems,  FTIR  systems 
can  be  coupled  to  a  microscope27-39  or  a  fiberoptic  probe.40 
FTIR  spectroscopy  is  sensitive  to  the  presence  of  water,  how¬ 
ever,  and  in  vivo  sampling  can  be  challenging.  One  disadvantage 
of  FTIR  spectroscopy  is  that  it  requires  that  light  be  able  to  pass 
through  the  sample  and  thus  is  confined  to  use  with  thin  sam¬ 
ples,  such  as  tissue  sections  on  optically  transparent  windows. 

Both  Raman  spectroscopy  and  FTIR  spectroscopy  offer  the 
capability  to  accurately  detect  and  identify  the  various  mole¬ 
cules  that  compose  the  extracellular  matrix  in  their  native 
state  during  wound  healing.  They  are  both  imaging  techniques 
in  which  the  precise  biochemical  composition  of  biologic  sam¬ 
ples  can  be  obtained  by  noninvasive  and  nondestructive 
means.41-44  Both  have  been  proven  to  be  effective  in  studying 
tissues  at  the  molecular  level  using  diverse  clinical  and  diagnos¬ 
tic  applications,  including  the  analysis  of  cellular  structure  and 
the  determination  of  tumor  grade  and  type.9,42,45-48  Pathologic 
alterations  of  wounds  are  accompanied  by  fundamental  changes 
in  the  molecular  environment  that  can  be  analyzed  by 
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Fig.  1  Infrared  characterization  (factor  analysis  conducted  over  the 
1185  to  1475/cm  region)  of  wounded  and  nonwounded  areas  six 
days  after  wounding  is  shown,  (a)  Optical  image  of  an  unstained  section 
with  the  edge  of  the  wounded  area  marked  by  a  vertical  dashed  line, 
(b — g)  The  score  images  are  shown  for  various  components  of  the  tissue, 
(b)  fl  is  the  stratum  corneum  and  part  of  the  viable  epidermis,  (c)  f2  is 
the  suprabasal  epidermis,  (d)  f3  is  the  basal  epidermal  layer,  (e)  f4  is  the 
outer  leading  edge  of  the  migrating  epithelial  tongue,  (f  and  g)  f5  and  f6 
are  the  collagen-rich  areas,  respectively,  (h)  The  factor  loadings  of  fl  to 
f4  are  characteristic  of  keratin-rich  areas.  The  factor  loadings  of  f5  and  f6 
are  characteristic  of  collagen-rich  areas.  Reprinted  with  permission  from 
John  Wiley  and  Sons  [J.  Cell.  Mol.  Med.  12(5B),  2145-2154  (2008)]. 


vibrational  spectroscopy.49,50  The  identified  changes  might  pro¬ 
vide  the  objective  markers  of  acute  wound  healing,  which  could 
then  be  integrated  with  clinical  characteristics  to  guide  the  man¬ 
agement  of  traumatic  wounds.  For  instance,  changes  in  collagen 
vibrational  bands  could  be  correlated  with  alterations  in  col¬ 
lagen  deposition  and  reepithelialization  of  the  wound  bed. 


Fig.  2  Factor  analysis  of  a  confocal  Raman  dataset  delineates  skin 
regions  near  a  wound  edge  0.5  days  after  wounding.  Data  analysis 
was  conducted  over  the  800  to  1140/cm  region,  yielding  four  factor 
loading  images  that  map  to  anatomically  distinct  regions  in  the  skin, 
(a)  The  spatial  distribution  of  scores  for  fl  highlights  the  stratum  cor¬ 
neum  region  of  the  skin,  which  is  rich  in  keratin-filled  corneocytes 
and  lipids,  (b)  f2  shows  high  scores  in  the  underlying  epidermal  region, 
(c)  High  scores  for  f3  reside  near  the  dermal-epidermal  boundary 
region,  (d)  The  size,  location,  and  spatial  distribution  of  several  smaller 
regions  with  high  scores  for  f4  are  identified  as  cell  nuclei,  (e)  Factor 
loadings  reveal  several  spectral  features  specific  to  the  microanatomy 
of  the  epidermis  in  human  skin.  Reprinted  with  permission  from  John 
Wiley  and  Sons  [J.  Cell.  Mol.  Med.  12(5B),  2145-2154  (2008)]. 
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4  Vibrational  Spectroscopic  Studies  of  Wound 
Healing 

4.1  Wounds 

The  application  of  vibrational  spectroscopy,  such  as  Raman 
spectroscopy  and  FTIR  spectroscopy,  to  study  wound  healing 
is  a  developing  field  of  interest.  Both  ex  vivo  and  in  vivo  models 
of  wound  healing  have  been  explored  in  animals  and  humans, 
but  all  studies  published  to  date  have  focused  on  acute  wounds 
versus  chronic  wounds. 

In  all  surgical  cases,  an  acute  wound  is  inflicted  once  a  sur¬ 
gical  incision  is  made.  Thus,  all  surgical  wounds  are  classified  as 
acute  wounds  and  are  typically  examples  of  the  normal  healing 
process.  In  early  ex  vivo  studies  by  Wijelath  and  co-workers, 
FTIR  attenuated  total  reflection  (ATR)  spectroscopy  illustrated 
modified  healing  patterns  in  arterial  grafts  implanted  into 
dogs.  Standard  histological  analysis  of  the  graft  implants  showed 
little  or  no  activity  in  the  first  10  days  after  implantation,  but 
FTIR- ATR  spectroscopy  demonstrated  changes  within  the  fibrin 
layer  of  the  graft  that  could  be  correlated  to  endothelialization  of 
the  wound.51,52  Gough  et  al.  utilized  synchrotron  FTIR  spectro¬ 
scopic  mapping  to  monitor  peridural  scarring  in  rats  following 
laminectomy.53  Their  results  derived  from  untreated  rats  were 
compared  to  data  from  rats  treated  with  L-2-oxothiazolidine-4- 
carboxylate  (OTC).  FTIR  spectroscopic  maps  of  laminectomized 
tissue  sections  indicated  a  decrease  in  lipid  and  phosphate  bands, 
which  are  indicators  of  inflammatory  cells.  Immunohistochem- 
istry  confirmed  these  results  and  showed  a  diminished  number 
of  activated  macrophages  in  OTC-treated  rats.  More  recently, 
investigators  successfully  employed  Raman  spectroscopy  to  dif¬ 
ferentiate  normal  from  injured  tissue  in  rodent  models  of  brain 
injury54  and  spinal  cord  injury.55  In  two  rodent  models  of  inci¬ 
sional  wound  healing,  Raman  spectra  collected  in  vivo  demon¬ 
strated  increased  protein  configuration  surrounding  the  wounds 


and  increased  cellularity56  as  well  as  conformational  changes 
within  the  proteins  themselves.57 

To  date,  published  applications  of  vibrational  spectroscopy 
to  study  wound  healing  in  humans  have  been  performed  on 
ex  vivo  biopsies  of  wounds.  In  2008,  Mendelsohn  et  al.  utilized 
both  FTIR  and  Raman  spectroscopy  to  correlate  spectroscopic 
changes  with  the  reepithelialization  of  the  wound  bed  of  cuta¬ 
neous  incisional  wounds.49  Spectroscopic  results  were  com¬ 
pared  directly  with  immunohistochemical  images  of  serial 
tissue  sections  and  gene  array  analysis  data.  FTIR  images  col¬ 
lected  four  days  after  wounding  precisely  depicted  the  keratin- 
rich  migrating  epithelial  tongue  from  the  collagen-rich  wound 
bed  with  focal  data  analysis  of  the  1185/cm  to  1475/cm  spec¬ 
tral  region  (Fig.  1).  Similar  spectral  features  are  exhibited  by 
factors  1  to  4  (fl  to  f4),  but  the  factors  are  spatially  distinct 
within  the  sample  itself.  These  represent  keratin-rich  areas  con¬ 
firmed  by  immunohistochemistry.  Factors  5  and  6  are  spectrally 
distinct  from  factors  1  to  4  and  represent  collagen-rich  areas  of 
the  sample.  Confocal  Raman  micro  spectroscopic  images  of  tis¬ 
sue  sections  demonstrate  the  time  dependence  of  elastin  distri¬ 
bution  in  the  wound  up  to  six  days  after  wounding  (Fig.  2).49  By 
day  2,  the  elastin  distribution  (fl)  and  the  distribution  of  a  col¬ 
lagen  factor  (f3)  were  significantly  decreased,  whereas  the  dis¬ 
tribution  of  a  second  collagen  factor  (f2)  decreased.  Their  study 
clearly  demonstrates  the  utility  of  vibrational  spectroscopy  and 
imaging  to  monitor  component- specific  changes  in  skin  in  an 
acute  wound-healing  model. 

Our  group  has  used  Raman  spectroscopic  mapping  to  moni¬ 
tor  changes  within  the  wound  bed.  Tissue  biopsies  were 
collected  from  Operation  Iraqi  Freedom  and  Operation  Endur¬ 
ing  Freedom  combat- wounded  soldiers  at  each  surgical  debride¬ 
ment  during  the  wound-healing  process.58  Spectral  maps 
revealed  differences  in  the  amide  I/CH2  scissoring  band  area 
ratios  that  correlated  with  wound  outcome  (Fig.  3),  i.e.,  normal 
healing  or  impaired  healing.  Raman  spectroscopic  results  were 


Fig.  3  Photographs  are  shown  for  a  patient  with  a  normal  healing  wound  (a)  and  one  whose  wound  healing  was  impaired  (b).  (c)  This  graph  shows  the 
percentage  difference  of  the  1 665-to-1 445/cm  band  area  ratios  calculated  from  the  first  and  last  debridement  1 665-to-1 445/cm  band  area  ratios  for 
wounds  classified  as  healing  normally  (black  bars)  and  those  wounds  in  which  healing  was  classified  as  impaired  (white  bars). 
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corroborated  with  collagen  gene  expression  profiles.  In  impaired 
healing  wounds,  a  decrease  in  collagen-like  bands  was  con¬ 
firmed  by  decreased  expression  of  the  COL1A1  and  COL3A1 
genes  (for  type  I  and  type  III  collagens,  respectively).58  In  addi¬ 
tion  to  monitoring  the  wound  bed  itself,  FTIR  and  Raman  spec¬ 
troscopy  were  utilized  to  monitor  complications  of  wound 
healing,  such  as  infection,  the  formation  of  biofilm  from  subse¬ 
quent  infection,  and  heterotopic  ossification  (HO),  to  which 
acute  and  chronic  wounds  are  susceptible. 

4.2  Infection 

For  acute  wounds  such  as  surgical  incisions,  infection  is  the 
most  prevalent  postsurgical  complication.59  Chronic  wounds 
provide  a  bed  of  growth  for  pathogens — they  are  warm, 
deep,  and  sometimes  full  of  necrotic  tissue.  Chronic  wounds 
are  more  often  infected  than  acute  wounds,  but  acute  combat 
wounds  present  a  subset  of  acute  wounds  with  a  high  infection 
rate.60  Identifying  the  pathogens  responsible  for  wound  biobur¬ 
den  is  especially  important  because  the  prevalence  of  multi- 
drug-resistant  bacteria  is  increasing,  necessitating  treatment 
with  appropriate  antimicrobial  agents.  Because  of  the  specificity 
of  Raman  and  FTIR  spectroscopy,  they  can  also  be  used  to  eval¬ 
uate  the  bioburden  of  wounds.  There  have  been  numerous  FTIR 
and  Raman  spectroscopic  studies  of  microorganisms,  many  of 
which  have  been  focused  on  rapid  identification  of  the  micro¬ 
organisms.61-72  Differences  in  the  Raman  spectral  profile  of 
three  bacterial  species  as  well  as  three  bacterial  strains  are  evi¬ 
dent  in  Fig.  4  (unpublished  data).  Both  Klebsiella  pneumoniae 
and  Acinetobacter  baumannii  are  Gram-positive  bacteria, 
whereas  methicillin-resistant  Staphylococcus  aureus  is  a 
Gram-negative  bacterium.  Differences  in  the  Raman  spectral 
profile,  however,  are  due  not  strictly  to  peptidoglycan  content 
but  to  other  structural  differences  in  the  proteins  as  well.  Inher¬ 
ent  chemical  differences  in  different  bacterial  species  and 
strains,  as  demonstrated  in  Fig.  4,  make  possible  the  high  spe¬ 
cificity  of  Raman  spectroscopy.  When  the  Raman  spectra  of 
wound  effluent  collected  from  two  patients  colonized  with  dif¬ 
ferent  bacteria  are  compared  (Fig.  4),  the  spectral  profiles  show 
differences  in  amino  acid  content  and  alterations  in  glycosidic 
linkages. 

4.3  Heterotopic  Ossification 

Another  complication  of  wound  healing,  “heterotopic  ossifica¬ 
tion,”  is  defined  as  the  pathological  formation  of  bone  in  soft 
tissue.  HO  formation  has  been  observed  following  orthopedic 
surgery  (total  hip  arthroplasty  as  well  as  acetabular  and 
elbow  fracture  surgery),  burn  injury,  traumatic  brain  injury, 
and  spinal  cord  injury.73  HO  formation  is  not  commonly 
observed  in  civilian  traumatic  wounds  without  the  presence 
of  head  injury  or  spinal  injury  and  develops  in  only  20%  and 
1 1%  of  these  patients,  respectively.74  During  the  current  military 
conflicts  in  Iraq  and  Afghanistan,  HO  has  been  a  frequent  and 
common  clinical  problem  in  soldiers  with  traumatic  combat 
wounds.  Currently,  operative  excision  is  the  only  treatment 
for  mature,  symptomatic  HO.  Identifying  tissue  that  will 
develop  into  HO  is  not  trivial,  however,  and  can  only  be  con¬ 
firmed  once  mineralized  tissue  is  evidenced  on  a  radiograph. 
Tissue  mineralization  could  easily  be  monitored  with  Raman 
spectroscopy.12,75-88  Information  could  be  gained  that  would 


reveal  the  quality  of  the  bone  being  formed  during  HO.  For 
example,  is  the  bone  “normal”  but  developing  in  soft  tissue, 
or  is  the  bone  “pathological,”  developing  by  an  different  miner¬ 
alization  mechanism  altogether.80,89-94 

While  Raman  and  FTIR  spectroscopy  have  been  used  exten¬ 
sively  to  study  the  process  of  biomineralization,84-95  they  have 
not  previously  been  used  to  provide  insight  into  the  pathological 
process  of  HO.  We  have  collected  Raman  spectra  of  uninjured 
muscle,  injured  muscle,  and  “pre-HO”  tissue  (defined  as  palp¬ 
ably  firm  or  “woody”  tissue  without  roentgenographic  evidence 
of  HO)  found  within  high-energy  penetrating  wounds  (Fig.  5).95 
When  we  compared  uninjured  to  injured  muscle,  we  found  an 
apparent  decrease  in  the  1340  and  1320/cm  vibrational  bands  in 
the  injured  muscle  as  well  as  an  increase  in  the  1266/cm  vibra¬ 
tional  band.  This  suggests  collagen-specific  alterations  within 
the  tissue  as  a  result  of  traumatic  injury.  In  one  case,  a  patient 
exhibited  “pre-HO”  muscle  during  a  debridement  procedure. 
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Fig.  4  Raman  spectra  of  (a)  methicillin-resistant  Staphylococcus  aureus 
(solid),  Klebsiella  pneumoniae  (middle  dashed  line),  and  Acinetobacter 
baumannii  (bottom  dashed  line),  (b)  Lines  represent  three  different 
strains  of  A.  baumannii.  (c)  Raman  spectra  obtained  from  wound  efflu¬ 
ent  from  a  wound  colonized  with  Escherichia  coli  (solid  line)  and  from  a 
wound  colonized  with  A  baumannii  (dashed  line).  Gray  boxes  high¬ 
light  regions  of  the  spectra  where  chemical  differences  are  prevalent. 
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Fig.  5  Raman  spectra  of  (a)  uninjured  muscle  and/or  control  tissue, 
(b)  combat-injured  muscle,  and  (c)  p  re  heterotopic  ossification  com¬ 
bat-injured  muscle.  The  gray  boxes  highlight  spectral  changes  in  the 
amide  III  envelope  (1340  to  1240/cm)  and  the  appearance  of  mineral 
vibrational  bands  at  1,070,  960,  and  591  /cm. 

Upon  Raman  spectroscopic  examination,  it  was  clear  that  the 
tissue  was  indeed  mineralized,  even  in  “soft”  tissue  areas. 
Mineral  vibrational  bands  at  1,070,  960,  and  591 /cm,  typical 
of  a  carbonated  apatite,  were  prominent  in  the  spectrum. 
These  vibrational  bands  are  attributed  to  the  phosphate  and  car¬ 
bonate  stretching  modes  of  bone.  Thus,  Raman  spectroscopy 
can  potentially  be  utilized  to  identify  areas  of  tissue  affected 
by  early  HO  as  well  as  areas  of  tissue  that  may  be  predisposed 
to  HO  formation. 

5  Conclusions 

The  potential  of  vibrational  spectroscopy  to  provide  detailed 
information,  noninvasively,  about  molecular  and  even  structural 
changes  within  the  components  of  the  wound  bed  itself  enable  a 
more  thorough  understanding  of  the  wound-healing  process. 
Vibrational  spectroscopic  modalities  such  as  Raman  and 
FTIR  spectroscopy  can  provide  an  objective  means  of  evalua¬ 
tion  by  monitoring  key  components  of  wound  bed  reepithelia- 
lization,  such  as  keratin,  elastin,  and  collagen;  by  identifying 
and  quantifying  bacterial  load;  and  by  detecting  HO.  These  tech¬ 
niques  have  the  potential  to  offer  improved  objective  assessment 
of  combat  wounds,  resulting  in  faster  healing  times,  decreased 
infection  rates,  and  decreased  local  and  systemic  complications 
of  injury.  This,  in  turn,  will  produce  improved  clinical  outcomes, 
decreased  patient  morbidity,  and  reduced  medical  costs. 
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ABSTRACT 

The  care  of  modern  traumatic  war  wounds  remains  a  significant  challenge  for  clinicians.  Many  of  the  extremity 
wounds  inflicted  during  Operation  Enduring  Freedom  and  Operation  Iraqi  Freedom  are  colonized  or  infected  with 
multi-drug  resistant  organisms,  particularly  Acinetobacter  baumannii.  Biofilm  formation  and  resistance  to  current 
treatments  can  significantly  confound  the  wound  healing  process.  Accurate  strain  identification  and  targeted  drug 
administration  for  the  treatment  of  wound  bioburden  has  become  a  priority  for  combat  casualty  care.  In  this  study, 
we  use  vibrational  spectroscopy  to  examine  wound  exudates  for  bacterial  load.  Inherent  chemical  differences  in 
different  bacterial  species  and  strains  make  possible  the  high  specificity  of  vibrational  spectroscopy. 


Keywords:  combat  wounds;  wound  effluent;  Raman  spectroscopy;  bacteria;  Acinetobacter  baumannii 


1.  INTRODUCTION 

Infections  are  common  complications  of  combat  wounds  and  affect  not  only  quality  of  life  but  also  wound  outcome 
(healing  or  non-healing).  At  the  beginning  of  the  twentieth  century,  improvements  in  military  hygiene  and  disease 
control  significantly  reduced  the  number  of  war-time  deaths  due  to  pestilence.  [1]  While  deaths  from  “war-time” 
pestilence  are  not  common  in  recent  conflicts  such  as  Operation  Iraqi  Freedom  (OIF)  and  Operation  Enduring 
Freedom  (OEF),  infection  control  of  multi-drug  resistant  organisms  such  as  Acinetobacter ,  Klebsiella ,  and 
Pseudomonas  has  presented  a  challenge.  [2]  Acinetobacter  isolates  were  the  most  predominant  microorganisms 
found  in  a  recent  study  of  combat  wounds,  accounting  for  over  60%  of  all  bacterial  isolates. [3]  Multi-drug  resistant 
Acinetobacter  infections  can  be  problematic  due  to  the  small  number  of  effective  drugs  for  treatment  -  carbapenems 
and  tigecycline.[4]  Thus,  accurate  identification  of  the  species  and  strain  of  the  infecting  organism  becomes 
important.  Currently,  we  are  evaluating  wound  effluent  from  combat-wounded  soldiers  for  bacterial  and  correlating 
wound  colonization  to  wound  outcome. 

Wound  effluent  is  the  fluid  that  is  exudated  from  the  wound  during  the  wound  healing  process.  The  composition  of 
wound  effluent  changes  over  the  course  of  wound  healing  and  is  a  complex  milieu  of  blood,  plasma,  cells, 
immunoglobulins,  other  various  proteins  such  as  enzymes,  cytokines  and  chemokines,  and  bacteria,  in  the  case  of 
infection.  In  a  previous  study,  Brown  and  coworkers  have  shown  that  inflammatory  cytokine  and  chemokine  profiles 
extracted  from  wound  effluent  are  associated  with  the  extent  of  wound  colonization.  [5]  In  this  study,  we  explore  the 
use  of  Raman  spectroscopy  to  probe  wound  effluent  for  bacterial  infection. 

Raman  spectroscopy  is  a  molecularly  specific  technique  that  is  capable  of  probing  samples  noninvasively  and 
nondestructively.  It  has  been  used  to  assess  tissues  at  the  molecular  level  with  diverse  clinical  and  diagnostic 
applications  to  include  the  analysis  of  cellular  structure  and  the  determination  of  tumor  grade  and  type.  [6-22]  This 
makes  Raman  spectroscopy  an  ideal  technology  for  evaluating  wound  effluent,  particularly  for  detecting  bioburden. 
There  have  been  numerous  Raman  spectroscopic  studies  of  microorganisms,  many  focusing  on  rapid  identification 


of  the  microorganisms. [23-31]  By  creating  a  Raman  spectral  database  of  microorganisms,  it  is  possible  to  identify 
bacteria  at  the  strain  level.  We  hypothesized  that  Raman  spectroscopy  could  evaluate  bioburden  in  wound  effluent 
and  differentiate  strains  of  the  same  species  of  bacteria,  namely  Acinetobacte  baumannii. 


2.  MATERIALS  AND  METHODS 

2.1  Clinical  Studies  and  Sample  Collection 

The  clinical  studies  were  approved  by  the  institutional  review  boards  of  the  National  Naval  Medical  Center 
(NNMC)  and  the  Walter  Reed  Army  Medical  Center  (WRAMC).  All  study  participants  were  recruited  from 
wounded  Operation  Iraqi  Freedom  and  Operation  Enduring  Freedom  U.S.  service  members  evacuated  to  the 
National  Capital  Area.  Informed  consent  was  obtained  from  all  participating  patients. 

For  the  treatment  of  combat  wounds,  surgical  debridement  and  pulse  lavage  were  performed  in  the  operating  room 
every  48-72  hours  until  definitive  wound  closure  or  coverage.  Negative  pressure  wound  therapy  (NPWT)  was 
applied  to  the  wounds  between  surgical  debridements,  as  per  current  standard  practice  at  NNMC  and  WRAMC. [32] 
All  wounds  were  examined  once  daily  following  wound  closure  or  coverage  until  the  sutures  were  removed.  All 
patients  were  followed  clinically  for  30  days.  Wound  effluent  was  collected  from  the  NPWT  canister  (without  gel 
pack;  Kinetic  Concepts,  Inc.,  San  Antonio,  TX)  two  hours  following  the  first  surgical  debridement  and  over  a  12 
hour  period  prior  to  each  subsequent  wound  debridement.  Samples  were  stored  at  4°C  prior  to  spectral  acquisition. 

2.2  Culturing  Acinetobacter  baumannii 

Thirty  Acinetobacter  baumannii  isolates  were  streaked  onto  lysogeny  broth  agar  (LB A)  plates  and  placed  in  a  37°C 
incubator.  After  approximately  three  days  of  growth,  at  least  10  pL  of  each  isolate  was  available  for  analysis  by 
Raman  spectroscopy.  Additionally,  microorganisms  were  cultured  from  the  wound  effluent  itself  by  plating  50-100 
pL  of  effluent  onto  a  blood  agar  plate.  Bacteria  counts  are  reported  as  CFU/mL  by  plate. 

2.3  Raman  Spectroscopy 

Raman  spectra  of  reference  standards  (plasma,  whole  blood,  cells,  bacteria  and  immunoglobulin  G)  were  transferred 
to  an  aluminum  foil  covered  weighing  dish  for  spectral  acquisition.  Uncentrifuged,  unfiltered  wound  effluent 
samples  were  placed  in  a  1  cm3  quartz  cuvette  for  spectral  acquisition.  Bacterial  isolates  were  transferred  to  an 
aluminum  foil  covered  weighing  dish  with  a  10  pL  inoculating  loop  for  spectral  acquisition.  A  785  nm  Raman 
PhAT  system  (Kaiser  Optical  Systems,  Inc.,  Ann  Arbor,  MI)  was  used  to  collect  spectra  of  the  effluent  and  bacteria. 
Final  spectra  were  the  accumulation  of  twenty  5  second  spectra  (for  bacteria)  and  thirty  5  second  spectra  (for 
effluent),  acquired  using  the  3  mm  spot  size.  For  some  bacteria  isolates,  fluorescence  signal  overwhelmed  the 
Raman  scatter.  To  reduce  the  fluorescence,  the  bacteria  isolates  were  transferred  to  a  0.5  mL  centrifuge  vial  and 
rinsed  with  deionized  water.  The  vial  was  then  centrifuged  at  10,000  rpm  for  5  minutes.  The  bacteria  isolates  were 
transferred  back  to  the  weighing  dish  for  spectral  acquisition.  The  rinsing  process  was  repeated  until  fluorescence 
reduction  was  appreciable. 

2.5  Data  Analysis 

For  the  effluent  samples,  all  spectral  preprocessing  was  performed  in  GRAMS/AI  software  (Thermo  Fisher 
Scientific,  Madison,  WI).  Raman  spectra  were  truncated  to  1800-400  cm'1  and  baseline  corrected  with  a  sixth  degree 
polynomial.  For  effluent  samples,  spectral  subtraction  of  blood  was  performed  if  spectral  interference  of  blood  was 
noted. 

Hierarchical  clustering  of  Acinetobacter  baumannii  isolates  was  performed  in  Unscrambler  X  10.1  software  (CAMO 
Software,  Woodbridge  Township,  NJ).  Prior  to  classification,  spectra  were  transformed  with  a  first  derivative 
function  (5th  order,  13  points)  and  truncated  to  930-1080  cm'1. 


3.  RESULTS 


3.1  Wound  Effluent 


The  spectral  profiles  of  wound  effluent  components  are  displayed  in  Figure  1  -  plasma,  whole  blood,  human 
mesenchymal  stem  cells,  bacteria  and  immunoglobulin  G,  respectively. 
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Figure  1.  Spectral  comparison  of  Raman  spectra  of  wound  effluent  components  -  A)  plasma,  B)  whole  blood,  C) 
cells,  D)  bacteria,  and  E)  immunoglobulin  G. 


Major  bands  exhibited  in  the  spectra  1665  cm'1  (amide  I),  1620  cm'1  (VC=C),  1557  cm'1  (VC-C  ring  stretching),  1450 
cm'1  (CH2  scissoring),  1340  cm'1  (5CH2),  1270  cm'1  (amide  III),  1245  cm'1  (amide  III),  1070-1080  cm'1  (C-0 
stretch),  and  1004  cm'1  (VC-C  aromatic  ring).  [25,  33-40]  In  plasma  and  whole  blood,  bands  at  1620  cm'1  and  1557 
cm"1,  are  particularly  prominent.  In  plasma  and  whole  blood,  these  bands  can  be  attributed  to  hemoglobin.  Only  the 
cell  and  bacteria  spectra  in  Figures  1C  and  ID  exhibit  a  significant,  broad  band  at  1070  cm'1;  this  band  confirms  the 
presence  of  nucleic  acids.  While  there  is  a  significant  amount  of  overlap  in  some  of  the  spectra,  each  demonstrates 
uniqueness  when  examined  as  a  whole. 

Some  of  these  spectral  features  are  clearly  present  in  the  spectrum  of  fresh  wound  effluent  (Figure  2  A),  namely 
whole  blood.  After  the  Raman  spectrum  of  whole  blood  is  subtracted  from  the  Raman  spectrum  of  effluent,  the 
resulting  spectrum  (Figure  2B)  shares  spectral  features  with  both  Acinetobacter  baumannii  (Figure  2C)  and  cells 
Figure  2D),  but  most  closely  resembles  the  Raman  spectrum  of  the  bacteria.  Additionally,  the  Raman  spectrum  of 
effluent  can  be  used  to  monitor  the  amount  of  cellular  matter  (human  or  bacteria)  throughout  the  course  of  treatment 
for  the  wounded  warriors.  Figure  3  shows  the  Raman  spectra  of  wound  effluent  collected  from  the  same  patient  at 
the  fifth,  sixth,  seventh,  and  eighth  surgical  debridements.  Evidence  of  cellular  matter  is  apparent  in  debridements 
five  through  seven  (Figures  3A-C),  as  denoted  by  the  presence  of  the  1450  cm"1,  1240  cm1,  and  1004  cm'1  bands, 
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Figure  2.  Raman  spectrum  of  wound  effluent  before  (A)  and  after  subtracting  whole  blood  from  the  spectrum  (B). 
The  resulting  spectrum  is  compared  to  Acinetobacter  baumannii  (C)  and  cells  (D). 
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Figure  3.  Raman  spectra  of  wound  effluent  collected  from  the  same  wound  after  the  fifth  (A),  sixth  (B),  seventh  (C), 
and  eighth  (D)  debridement. 


but  becomes  drastically  reduced  by  the  eighth  debridement  (Figure  3D).  Bacteria  counts  for  these  samples  also 
decrease  with  time  (3.5  x  105  CFU/mL,  2.1  x  103  CFU/mL,  and  2.0  x  103  CFU/mL  for  the  fifth,  sixth,  and  eighth 
debridements  respectively). 

3.2  Acinetobacter  baumannii  Isolates 


We  also  used  Raman  spectroscopy  to  profile  thirty  isolates  of  Acinetobacter  baumannii.  Hierarchical  clustering  was 
used  to  delineate  the  spectral  relationships  between  the  different  strains  of  Acinetobacter  baumannii  (Figure  4), 
specifically  Spearman’s  rank  hierarchical  clustering  with  complete  linkage  over  the  wavelength  range  of  930-1080 
cm'* 1.  Apal  digestion  (restriction  enzyme  digestion  of  DNA)  and  optical  mapping  (high-resolution  restriction 
maps  from  single,  stained  molecules  of  DNA)  were  also  performed  on  the  isolates  (data  not  shown)  and  subjected  to 
hierarchical  clustering. 
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Figure  4.  Hierarchical  clustering  of  30  Acinetobacter  baumannii  isolates  into  subgroups  of  strains.  Boxes  highlight 
strains  that  were  misclassified  according  to  optical  mapping  and/or  Apal  digest  data. 

Clustering  by  optical  mapping  and  Apal  digestion  were  compared  to  the  results  of  the  Raman  spectral  clustering. 
Genetically  determined  subgroup  assignments  are  indicated  by  the  numbers  to  the  left  of  the  brackets,  while  gray 
boxes  indicate  the  strains  that  did  not  classify  correctly  according  to  Apal  digestion  and  optical  mapping. 
Hierarchical  clustering  of  the  Raman  spectra  correctly  classified  77%  of  the  thirty  isolates  examined.  Performance 
of  the  classification  technique  could  potentially  be  improved  with  alternate  spectral  preprocessing  and  additional 
spectral  region  optimization. 


4.  DISCUSSION 


Current  microbiological  methods  use  culture  from  tissue  homogenate  or  from  wound  fluid  directly  to  determine  the 
species  of  bacteria  present  as  well  as  to  quantify  the  bacteria  present.  At  the  time  of  wounding,  or  the  inoculation 
event,  100%  of  wounds  are  contaminated.  Not  long  after  inoculation  wounds  become  colonized,  though  not  all 
microorganisms  are  harmful  to  the  host.  The  signs  of  infection  can  be  obvious  is  a  healthy  patient,  but  may  be  less 
conspicuous  in  a  sick  patient.  Some  combat  wounded  soldiers  suffer  from  an  exaggerated  inflammatory  response, 
similar  to  that  observed  in  acutely  ill  states  like  sepsis. [32]  This  exposes  some  noncosomial  bacteria  like 
Acinetobacter  baumannii  with  the  perfect  opportunity  for  infection.  Previously,  critical  wound  colonization  has  been 
correlated  with  the  inflammatory  cytokine  and  chemokine  profiles  of  combat-wounded  soldiers.  [5]  There  has  been 
some  controversy  over  the  culture  methodology  used  for  bacterial  quantification,  though  some  schools  of  thought 
believe  that  timing  of  the  timing  of  sampling  is  more  critical  than  the  sampling  itself.  Current  methodologies  require 
24-48  hours  for  results  from  microbial  tests.  Raman  spectroscopy,  a  noninvasive  and  nondestructive  technique, 
holds  promise  for  the  development  of  faster  microbial  testing. 

In  this  preliminary  study,  Raman  spectroscopic  profiling  of  wound  effluent  during  wound  surgical  debridements 
demonstrates  a  decrease  in  bands  associated  with  cellular  material,  notably  1450  cm'1,  1240  cm'1,  and  1004  cm'1; 
these  changes  in  the  spectral  profile  of  the  wound  effluent  are  possibly  indicative  of  reduced  bacterial  load  over  the 
course  of  wound  healing.  In  addition,  Raman  spectroscopy  was  able  to  correctly  classify  77%  of  thirty 
Acinetobacter  baumannii  isolates  into  their  respective  strain  subgroups.  These  results  corroborate  genetic  mapping 
data  performed  on  the  same  Acinetobacter  baumannii  isolates.  Thus,  it  is  conceivable  that  the  Raman  spectrum 
collected  from  the  wound  effluent  itself  could  be  compared  to  Raman  spectra  of  bacterial  isolates  for  identification. 
This  kind  of  rapid  assessment  may  eventually  help  to  direct  antibiotic  therapy  and  prevent  over-  or  under-treatment 
of  bacterial  infection. 

We  have  demonstrated  that  Raman  spectroscopy  can  be  utilized  to  examine  wound  effluent,  in  addition  to  bacterial 
isolates.  One  advantage  of  Raman  spectroscopy  is  that  it  can  be  employed  in  a  non-invasive  manner,  such  as  a  fiber 
probe-coupled  system.  It  is  possible  to  incorporate  such  a  Raman  spectroscopic  system  into  the  operating  room.  For 
microbial  studies,  however,  a  microscope  coupled  Raman  system  will  allow  for  probing  of  smaller  sample  sizes, 
such  as  single  colonies  of  bacteria. 


5.  CONCLUSIONS 

This  study  demonstrates  the  potential  of  vibrational  spectroscopy  as  a  technique  capable  of  affording  an  objective 
measurement  regarding  wound  effluent  colonization.  Such  a  capability  could  allow  for  real-time  point  of  care 
analysis  of  wounds,  allowing  subjective  decisions  to  be  supplanted  by  objective  data.  This  is  a  critical  need  as 
constraints  on  medical  education  reduce  clinical  exposure  and  decision-making  is  moved  from  the  subjective  arena 
to  personalized,  data  driven  decisions.  The  use  of  such  methodologies  as  presented  herein,  may  allow  for  evaluation 
of  wound  bioburden  in  a  shorter  time  frame  than  is  currently  possible.  We  need  to  expand  the  scope  of  our  study  to  a 
larger  patient  population  and  a  more  diverse  microbial  to  better  delineate  Raman  spectroscopic  trends  to  develop  a 
classification  model  for  wound  infection. 


6.  ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  Tala  Ghadimi  and  Felipe  Lisboa  for  the  collection  of  effluent  samples  examined  in 
these  studies.  The  authors  would  also  like  to  thank  Dr.  Daniel  Zurawski  for  providing  the  reference  bacterial  strains 
and  subsequent  microbial  analysis  presented  in  this  study.  This  work  was  prepared  as  part  of  the  authors’  official 
duties.  Title  17  U.S.C.  §105  provides  that  ‘Copyright  protection  under  this  title  is  not  available  for  any  work  of  the 
United  States  Government.’  Title  17  U.S.C.  §101  defines  a  U.S.  Government  work  as  a  work  prepared  by  a  military 
service  member  or  employee  of  the  U.S.  Government  as  part  of  that  person’s  official  duties.  The  views  expressed  in 
this  article  are  those  of  the  author  and  do  not  necessarily  reflect  the  official  policy  or  position  of  the  Department  of 
the  Navy,  Department  of  Defense,  nor  the  U.S.  Government.  This  work  was  supported  by  funded  by  work  unit 
number  6021 15HP. 3720. 001. A1015.  This  study  was  approved  by  the  National  Naval  Medical  Center  Institutional 


Review  Board  (protocol  NNMC. 2005. 069)  in  compliance  with  all  Federal  regulations  governing  the  protection  of 
human  subjects.  I/We  certify  that  all  individuals  who  qualify  as  authors  have  been  listed;  each  has  participated  in  the 
conception  and  design  of  this  work,  the  analysis  of  data  (when  applicable),  the  writing  of  the  document,  and  the 
approval  of  the  submission  of  this  version;  that  the  document  represents  valid  work;  that  if  we  used  information 
derived  from  another  source,  we  obtained  all  necessary  approvals  to  use  it  and  made  appropriate  acknowledgements 
in  the  document;  and  that  each  takes  public  responsibility  for  it. 

7.  REFERENCES 

[1]  C.  K.  Murray,  M.  K.  Hinkle,  and  H.  C.  Yun,  “History  of  infections  associated  with  combat -related 
injuries,”  J  Trauma,  64(3  Suppl),  S221-31  (2008). 

[2]  D.  R.  Hospenthal,  and  H.  K.  Crouch,  “Infection  control  challenges  in  deployed  US  military  treatment 
facilities,”  J  Trauma,  66(4  Suppl),  S 120-8  (2009). 

[3]  F.  R.  Sheppard,  P.  Keiser,  D.  W.  Craft  et  al ,  “The  majority  of  US  combat  casualty  soft-tissue  wounds  are 
not  infected  or  colonized  upon  arrival  or  during  treatment  at  a  continental  US  military  medical  facility,” 
Am  J  Surg,  200(4),  489-95  (2010). 

[4]  X.  Bertrand,  and  M.  J.  Dowzicky,  “Antimicrobial  Susceptibility  Among  Gram-Negative  Isolates  Collected 
From  Intensive  Care  Units  in  North  America,  Europe,  the  Asia-Pacific  Rim,  Latin  America,  the  Middle 
East,  and  Africa  Between  2004  and  2009  as  Part  of  the  Tigecycline  Evaluation  and  Surveillance  Trial,” 
Clin  Ther,  in  press  (201 1). 

[5]  T.  S.  Brown,  H.  J.  S.,  F.  R.  Sheppard  et  al .,  “Inflammatory  response  is  associated  with  critical  colonization 
in  combat  wounds,”  Surg  Infect,  12(5),  351-357  (2011). 

[6]  H.  Wills,  R.  Kast,  C.  Stewart  et  al .,  “Raman  spectroscopy  detects  and  distinguishes  neuroblastoma  and 
related  tissues  in  fresh  and  (banked)  frozen  specimens,”  J  Pediatr  Surg,  44(2),  386-91  (2009). 

[7]  T.  J.  Harvey,  E.  C.  Faria,  A.  Henderson  et  al .,  “Spectral  discrimination  of  live  prostate  and  bladder  cancer 
cell  lines  using  Raman  optical  tweezers,”  J  Biomed  Opt,  13(6),  064004  (2008). 

[8]  P.  O.  Andrade,  R.  A.  Bitar,  K.  Yassoyama  et  al ,  “Study  of  normal  colorectal  tissue  by  FT-Raman 
spectroscopy,”  Anal  Bioanal  Chem,  387(5),  1643-8  (2007). 

[9]  H.  P.  Buschman,  G.  Deinum,  J.  T.  Motz  et  al ,  “Raman  microspectroscopy  of  human  coronary 
atherosclerosis:  biochemical  assessment  of  cellular  and  extracellular  morphologic  structures  in  situ,” 
Cardiovascul  Pathol,  10,  69-82  (2001). 

[10]  A.  Carden,  R.  M.  Rajachar,  M.  D.  Morris  et  al ,  “Ultrastructural  changes  accompanying  the  mechanical 
deformation  of  bone  tissue:  a  Raman  imaging  study,”  Calcified  Tissue  International,  72,  166-175  (2003). 

[11]  K.  L.  Chan,  G.  Zhang,  M.  Tomic-Canic  et  al ,  “A  Coordinated  Approach  to  Cutaneous  Wound  Healing: 
Vibrational  Microscopy  and  Molecular  Biology,”  J  Cell  Mol  Med,  12(5B),  2145-2154  (2008). 

[12]  M.  V.  Chowdary,  K.  K.  Kumar,  K.  Thakur  et  al ,  “Discrimination  of  normal  and  malignant  mucosal  tissues 
of  the  colon  by  Raman  spectroscopy,”  Photomed  Laser  Surg,  25(4),  269-74  (2007). 

[13]  N.  J.  Crane,  V.  Popescu,  M.  D.  Morris  et  al ,  “Raman  spectroscopic  evidence  for  octacalcium  phosphate 
and  other  transient  mineral  species  deposited  during  intramembraneous  mineralization,”  Bone,  39,  434-442 
(2006). 

[14]  A.  S.  Haka,  Z.  Volynskaya,  J.  A.  Gardecki  et  al ,  “In  vivo  margin  assessment  during  partial  mastectomy 
breast  surgery  using  raman  spectroscopy,”  Cancer  Res,  66(6),  3317-22  (2006). 

[15]  P.  R.  Jess,  D.  D.  Smith,  M.  Mazilu  et  al ,  “Early  detection  of  cervical  neoplasia  by  Raman  spectroscopy,” 
Int  J  Cancer,  121(12),  2723-8  (2007). 

[16]  S.  Koljenovic,  T.  C.  Schut,  R.  Wolthuis  et  al ,  “Raman  spectroscopic  characterization  of  porcine  brain 
tissue  using  a  single  fiber-optic  probe,”  Anal  Chem,  79(2),  557-64  (2007). 

[17]  G.  Leroy,  G.  Penel,  N.  Leroy  et  al ,  “Human  tooth  ename:  a  Raman  polarized  approach,”  Appl  Spectrosc, 
56(8),  1030-1034  (2002). 

[18]  N.  McGill,  P.  A.  Dieppe,  M.  Bowden  et  al ,  “Identification  of  pathological  mineral  deposits  by  Raman 
microscopy,”  The  Lancet,  337,  77-78  (1991). 

[19]  A.  Robichaux-Viehoever,  E.  Kanter,  H.  Shappell  et  al ,  “Characterization  of  Raman  spectra  measured  in 
vivo  for  the  detection  of  cervical  dysplasia,”  Appl  Spectrosc,  61(9),  986-93  (2007). 

[20]  G.  Shetty,  C.  Kendall,  N.  Shepherd  et  al ,  “Raman  spectroscopy:  elucidation  of  biochemical  changes  in 
carcinogenesis  of  oesophagus,”  Br  J  Cancer,  94(10),  1460-4  (2006). 


[21]  M.  G.  Shim,  B.  C.  Wilson,  E.  Marple  et  al ,  “Study  of  fiber-optic  orobes  for  in  vivo  medical  Raman 
spectroscopy,”  Applied  Spectroscopy,  53(6),  619-627  (1999). 

[22]  T.  D.  Wang,  and  J.  Van  Dam,  “Optical  biopsy:  a  new  frontier  in  endoscopic  detection  and  diagnosis,”  Clin 
Gastroenterol  Hepatol,  2(9),  744-53  (2004). 

[23]  P.  C.  Buijtels,  H.  F.  Willemse-Erix,  P.  L.  Petit  et  al .,  “Rapid  identification  of  mycobacteria  by  Raman 
spectroscopy,”  J  Clin  Microbiol,  46(3),  961-5  (2008). 

[24]  M.  F.  Escoriza,  J.  M.  VanBriesen,  S.  Stewart  et  al ,  “Raman  spectroscopy  and  chemical  imaging  for 
quantification  of  filtered  waterborne  bacteria,”  J  Microbiol  Methods,  66(1),  63-72  (2006). 

[25]  K.  Maquelin,  C.  Kirschner,  L.  P.  Choo-Smith  et  al .,  “Identification  of  medically  relevant  microorganisms 
by  vibrational  spectroscopy,”  J  Microbiol  Methods,  51(3),  255-71  (2002). 

[26]  Q.  Wu,  W.  H.  Nelson,  S.  Elliot  et  al .,  “Intensities  of  E.  coli  nucleic  acid  Raman  spectra  excited  selectively 
from  whole  cells  with  251-nm  light,”  Anal  Chem,  72(13),  2981-6  (2000). 

[27]  L.  Zeiri,  B.  V.  Bronk,  Y.  Shabtai  et  al .,  “Surface-enhanced  Raman  spectroscopy  as  a  tool  for  probing 
specific  biochemical  components  in  bacteria,”  Appl  Spectrosc,  58(1),  33-40  (2004). 

[28]  K.  Maquelin,  L.  Dijkshoorn,  T.  J.  van  der  Reijden  et  al .,  “Rapid  epidemiological  analysis  of  Acinetobacter 
strains  by  Raman  spectroscopy,”  J  Microbiol  Methods,  64(1),  126-31  (2006). 

[29]  K.  Maquelin,  L.  P.  Choo-Smith,  T.  van  Vreeswijk  et  al .,  “Raman  spectroscopic  method  for  identification  of 
clinically  relevant  microorganisms  growing  on  solid  culture  medium,”  Anal  Chem,  72(1),  12-9  (2000). 

[30]  K.  S.  Kalasinsky,  T.  Hadfield,  A.  A.  Shea  et  al ,  “Raman  chemical  imaging  spectroscopy  reagentless 
detection  and  identification  of  pathogens:  signature  development  and  evaluation,”  Anal  Chem,  79(7),  2658- 
73  (2007). 

[31]  L.  Zeiri,  B.  V.  Bronk,  Y.  Shabtai  et  al ,  “Silver  metal  induced  surface  enhanced  Raman  of  bacteria,” 
Colloids  and  Surfaces  A:  Physicochemical  and  Engineering  Aspects,  208,  357-362  (2002). 

[32]  J.  S.  Hawksworth,  A.  Stojadinovic,  F.  A.  Gage  et  al ,  “Inflammatory  biomarkers  in  combat  wound 
healing,”  Ann  Surg,  250(6),  1002-7  (2009). 

[33]  B.  R.  Wood,  and  D.  McNaughton,  “Raman  excitation  wavelength  investigation  of  single  red  blood  cells  in 
vivo,”  J  Raman  Spectrosc,  33(7),  517-523  (2002). 

[34]  S.  U.  Sane,  S.  M.  Cramer,  and  T.  M.  Przybycien,  “A  holistic  approach  to  protein  secondary  structure 
characterization  using  amide  I  band  Raman  spectroscopy,”  Anal  Biochem,  269(2),  255-72  (1999). 

[35]  J.  L.  Lippert,  D.  Tyminski,  and  P.  J.  Desmeules,  “Determination  of  the  secondary  structure  of  proteins  by 
laser  Raman  spectroscopy,”  J  Am  Chem  Soc,  98(22),  7075-80  (1976). 

[36]  N.  C.  Maiti,  M.  M.  Apetri,  M.  G.  Zagorski  et  al ,  “Raman  spectroscopic  characterization  of  secondary 
structure  in  natively  unfolded  proteins:  alpha-synuclein,”  J  Am  Chem  Soc,  126(8),  2399-408  (2004). 

[37]  M.  Pezolet,  M.  Pigeon,  D.  Menard  et  al ,  “Raman  spectroscopy  of  cytoplasmic  muscle  fiber  proteins. 
Orientational  order,”  Biophys  J,  53(3),  319-25  (1988). 

[38]  J.  Wohlrab,  A.  Vollmann,  S.  Wartewig  et  al ,  “Noninvasive  characterization  of  human  stratum  corneum  of 
undiseased  skin  of  patients  with  atopic  dermatitis  and  psoriasis  as  studied  by  Fourier  transform  Raman 
spectroscopy,”  Biopolymers,  62(3),  141-6  (2001). 

[39]  B.  G.  Frushour,  and  J.  L.  Koenig,  “Raman  scattering  of  collagen,  gelatin,  and  elastin,”  Biopolymers,  14, 
379-391  (1975). 

[40]  L.  Chrit,  C.  Hadjur,  S.  Morel  et  al ,  “In  vivo  chemical  investigation  of  human  skin  using  a  confocal  Raman 
fiber  optic  microprobe,”  J  Biomed  Opt,  10(4),  44007  (2005). 


Using  multimodal  imaging  techniques  to  monitor  limb  ischemia:  a 
rapid  noninvasive  method  for  assessing  extremity  wounds 


1  13  12  3  1 

Rajiv  Luthra  ,  Joseph  D.  Caruso  ’  ,  Jason  S.  Radowsky  ’  ’  ,  Maricela  Rodriguez  ,  Jonathan 
Forsberg1,2,3,  Eric  A.  Elster1,2’3,  Nicole  J.  Crane1,2 

'Naval  Medical  Research  Center,  Silver  Spring,  MD 
2  Department  of  Surgery,  Uniformed  Services  University  of  the  Health  Sciences,  Bethesda,  MD 
department  of  Surgery,  Walter  Reed  National  Military  Medical  Center,  Bethesda,  MD 

ABSTRACT 

Over  70%  of  military  casualties  resulting  from  the  current  conflicts  sustain  major  extremity  injuries.  Of  these  the 
majority  are  caused  by  blasts  from  improvised  explosive  devices.  The  resulting  injuries  include  traumatic 
amputations,  open  fractures,  crush  injuries,  and  acute  vascular  disruption.  Critical  tissue  ischemia — the  point  at 
which  ischemic  tissues  lose  the  capacity  to  recover — is  therefore  a  major  concern,  as  lack  of  blood  flow  to  tissues 
rapidly  leads  to  tissue  deoxygenation  and  necrosis.  If  left  undetected  or  unaddressed,  a  potentially  salvageable  limb 
may  require  more  extensive  debridement  or,  more  commonly,  amputation.  Predicting  wound  outcome  during  the 
initial  management  of  blast  wounds  remains  a  significant  challenge,  as  wounds  continue  to  “evolve”  during  the 
debridement  process  and  our  ability  to  assess  wound  viability  remains  subjectively  based.  Better  means  of 
identifying  critical  ischemia  are  needed. 

We  developed  a  swine  limb  ischemia  model  in  which  two  imaging  modalities  were  combined  to  produce  an 
objective  and  quantitative  assessment  of  wound  perfusion  and  tissue  viability.  By  using  3  Charge-Coupled  Device 
(3 CCD)  and  Infrared  (IR)  cameras,  both  surface  tissue  oxygenation  as  well  as  overall  limb  perfusion  could  be 
depicted.  We  observed  a  change  in  mean  3 CCD  and  IR  values  at  peak  ischemia  and  during  reperfusion  correlate 
well  with  clinically  observed  indicators  for  limb  function  and  vitality.  After  correcting  for  baseline  mean  R-B 
values,  the  3 CCD  values  correlate  with  surface  tissue  oxygenation  and  the  IR  values  with  changes  in  perfusion. 

This  study  aims  to  not  only  increase  fundamental  understanding  of  the  processes  involved  with  limb  ischemia  and 
reperfusion,  but  also  to  develop  tools  to  monitor  overall  limb  perfusion  and  tissue  oxygenation  in  a  clinical  setting. 

A  rapid  and  objective  diagnostic  for  extent  of  ischemic  damage  and  overall  limb  viability  could  provide  surgeons 
with  a  more  accurate  indication  of  tissue  viability.  This  may  help  reducing  the  number  of  surgical  interventions 
required,  by  aiding  surgeons  in  identifying  and  demarcating  areas  of  critical  tissue  ischemia,  so  that  a  more  adequate 
debridement  may  be  performed.  This  would  have  obvious  benefits  of  reducing  patient  distress  and  decreasing  both 
the  overall  recovery  time  and  cost  of  rehabilitation. 

Keywords:  limb  ischemia,  tissue  oxygenation,  perfusion,  infrared  imaging,  3CCD  contrast  enhancement 


1.  INTRODUCTION 

Over  70%  of  military  casualties  from  Operation  Iraqi  Freedom  and  Operation  Enduring  Freedom  sustained  major 
extremity  injury.[1]  Of  these,  roughly  90%  were  caused  by  blasts  from  improvised  explosive  devices  (IEDs). 
Approximately  99%  of  these  patients  have  tourniquets  placed  in  the  field  to  prevent  exanguination  from  the  injured 
limb.[2]  The  local  physiologic  and  pathologic  effects  of  vascular  injury  to  a  limb  have  been  well  studied13, 4], 
however,  there  is  substantial  evidence  that  increasingly  delayed  reperfusion  correlates  with  reduced  functional 
outcomes.  [5"7]  Furthermore,  the  deleterious  effects  of  ischemia  and  reperfusion  are  not  limited  to  the  affected  limb 
alone,  but  have  systemic  sequelae  including  multi-organ  dysfunction  and  death. [8] 


The  treatment  of  blast  wounds  generally  requires  a  series  of  surgical  debridements  during  which  clinicians  assess  the 
viability  of  each  wound  and  remove  contaminated  or  devitalized  tissue.  The  zone  of  injury  is  massive,  in  most 
cases,  which  requires  a  systematic  assessment  of  the  quality  of  tissues  in  each  portion  of  the  wound.  This 
assessment  is  commonly  subjective  and  experienced  surgeons  apply  the  “four  Cs”  in  an  effort  to  determine  whether 
tissue  is  adequately  perfused  and  likely  to  recover.  In  this  fashion  surgeons  assess  the  ‘color’  and  ‘consistency’  of 
the  tissue,  while  also  observing  ‘circulation,’  by  sharply  excising  tissue  until  bleeding  is  encountered,  then 
‘contractility’  of  muscle  using  electrocautery.  The  presence  of  all  “four  Cs”  is  generally  thought  to  portend  viability 
and  eventual  healing,  however  the  absence  of  one  or  more  is  commonly  encountered.  Failure  to  perform  an 
adequate  debridement  leaves  contaminated  and  devitalized  tissue  behind,  which,  in  addition  to  contributing  to 
systemic  inflammation,  has  deleterious  effects  on  surrounding  tissue  viability.  To  complicate  matters,  blast  wounds 
tend  to  “evolve”  throughout  the  debridement  process,  during  which  tissue  deemed  adequately  perfused  during  one 
debridement  appears  ischemic  and  necrotic  at  the  next.  This  phenomenon  jeopardizes  the  limb  and  often  necessitate 
either  an  amputation,  or  sacrifice  of  residual  limb  length.  As  such,  a  considerable  amount  of  effort  is  directed 
towards  estimating,  tissue  viability  and,  by  extension,  the  point  at  which  ischemia  becomes  critical. 

Recently,  imaging  techniques  have  been  employed  in  the  operating  room  to  ascertain  adequacy  of  perfusion.  These 
methods  generally  require  the  injection  of  a  dye,  such  as  indocyanine  green,  and  the  use  of  near-infrared  cameras  to 
capture  the  extent  of  vascularity  within  flaps  during  reconstructive  procedures. [9, 10]  Unfortunately,  this  technology 
requires  the  injection  of  a  dye  which  might  not  be  readily  available  in  austere  environments  and  may  cause 
anaphylactic  reactions. [11]  Secondly,  while  indocyanine  green-based  imaging  modalities  may  discern  whether  or  not 
tissue  is  being  perfused,  there  is  no  avenue  for  determining  actual  tissue  oxygenation  which  may  result  in  false 
conclusions  regarding  the  viability  of  certain  tissues. [12]  Further  investigation  of  other  imaging  modalities  to 
ascertain  tissue  viability  is  warranted. 

Imaging  technologies,  in  general,  are  low  in  cost,  non-invasive,  rapid,  and  reliable.  Many  have  been  proven 
experimentally  viable  including  three  charge-coupled  device  (3 CCD)  cameras  to  monitor  intraoperative  renal 
parenchymal  oxygenation  [13]  and  bowel  ischemia.  [14, 15]  Intraoperative  vessel  identification  has  also  been  enhanced 
with  this  technology.  [16]  Long  wave  infrared  imaging  (LWIR)  in  the  range  of  7.5  -  13.5pm  provides  data  for  overall 
tissue  perfusion  and  has  been  proven  experimentally  to  assess  tissue  function  and  metabolism. [17] 

Combining  3CCD  and  LWIR  would  allow  the  surgeon  to  objectively  and  non-invasive ly  monitor  changes  in 
oxygenation  of  the  superficial  skin  and  tissue  layers,  the  watershed  or  end  organs  of  the  extremity.  In  addition, 
multimodal  imaging  techniques  may  also  be  used  as  to  visualize  these  parameters,  over  time,  as  the  wound  evolves 
during  the  debridement  process.  The  purpose  of  this  study  was  to  develop  a  multimodal  imaging  platform,  by  which 
3 CCD  and  LWIR  could  be  used  to  perform  real-time  assessments  of  tissue  oxygenation  and  limb  viability.  To  this 
end,  we  used  a  large  animal  model  to  simulate  vascular  and  crush-type  extremity  injuries.  If  successful,  this 
technology  could  be  used  in  a  variety  of  settings  to  help  identify  the  point  of  critical  ischemia,  which,  in  turn  would 
guide  surgical  decision  making. 


2.  MATERIALS  AND  METHODS 


2.1  Swine  Protocol 

In  this  protocol,  approved  by  the  Institutional  Animal  Care  and  Use  Committee  at  the  Uniformed  Services 
University  of  the  Health  Sciences,  32  adolescent  female  swine  (Sus  scrofa)  ranging  from  45-80  pounds  were 
randomized  to  sham  (n=6),  2  hour  tourniquet  (n=9),  2  hour  occlusion  (n=7),  3.5  hour  tourniquet  (n=5),  and  3.5  hour 
occlusion  (n=5)  experiment  arms  (Table  1). 

In  all  cases,  the  animals  were  anesthetized  using  intramuscular  Telazol  (4-6mg/kg  IM,  Fort  Dodge  Animal  Health, 
Overland,  KS,  USA)  and  Dexdomitor  (0.05  mg/m2  IM,  Zoetis,  Madison,  NJ,  USA)  for  initial  sedation  and  then 
maintained  with  inhaled  isofluorane  (1.5%-3%  with  approximately  30%  Fi02).  A  Foley  catheter  was  inserted  to 
collect  urine  and  a  tunneled  central  venous  catheter  (CVC)  was  placed  in  the  right  external  jugular  vein  to  allow  for 
regular  collection  of  blood  samples.  To  reduce  the  risk  of  thrombosis  formation  during  ischemia,  unfractionated 
heparin  (lOOU/kg)  was  administered  prior  to  limb  occlusion.  Acute  interruption  of  the  vascular  supply  to  the 
extremity  was  simulated  by  the  exposure  and  direct  occlusion  of  the  proximal  common  femoral  artery  and  vein  at 
the  level  of  the  inguinal  ligament.  To  evaluate  the  effects  of  tourniquets  placed  in  the  field  and  to  contrast  tourniquet 
ischemia  with  occlusive  ischemia,  a  pneumatic  tourniquet  (PediFit,  Delfi  Medical  Innovations,  Vancouver  BC, 


Table  1 .  Experimental  arms  for  limb  ischemia  procedure  in  swine. 


Experiment  Arm 

Group 

Ischemic  Time  (min) 

n 

Vessel  Occlusion 

Sex 

A 

1 

0 

6 

N/A 

F 

B 

2 

120 

7 

Clamp 

F 

B 

3 

210 

5 

Clamp 

F 

C 

4 

120 

9 

Tourniquet 

F 

C 

5 

210 

5 

Tourniquet 

F 

Total  number  of  animals: 

32 

Canada)  were  placed  as  proximally  as  possible  on  the  left  lower  extremity  and  connected  to  a  portable  inflation 
system  (PTSii,  Delfi  Medical  Innovations,  Vancouver  BC,  Canada)  and  inflated  to  250  mm  Hg.  The  sham  study 
group  had  catheters  placed  but  no  induced  ischemia  either  by  tourniquet  application  or  vessel  occlusion. 

For  both  the  occlusion  and  tourniquet  arms,  there  were  two  study  groups:  2  and  3.5  hours  of  ischemia.  Following 
ischemia  in  either  group,  the  limb  was  allowed  to  reperfuse  for  30  minutes  after  which  animals  were  awoken  from 
anesthesia  and  observed  for  a  period  of  seven  days,  prior  to  euthanasia. 

2.2  Image  Acquisition 

Throughout  the  procedure,  images  and  spectral  data  were  collected  using  both  3 CCD  and  infrared  (IR)  modalities. 
Surface  oxygenation  is  measured  based  on  the  spectral  response  of  hemoglobin  in  the  visible  region  of  the  spectrum. 
3 CCD  imaging  utilizes  a  trichroic  prism  to  split  incoming  light  into  red,  blue,  and  green  channels,  each  of  which  has 
its  own  charge-coupled  device.  3CCD  technology  is  commercially  available,  at  low  cost,  with  high  color  sensitivity 
and  dynamic  range.  For  this  study,  two  commercially  available  3CCD  camcorders  (HDC-HS9  and  AGHMC150P, 
Panasonic  North  America,  Secaucus,  NJ),  were  used  to  document  the  entirety  of  the  procedure.  The  cameras  were 
white  balanced  at  the  beginning  of  the  procedure,  and  frames  of  interest  were  extracted  from  the  video  files. 
Additionally,  IR  images  were  collected  using  a  FLIR  Tau640  (Santa  Barbara,  CA,  USA)  camera  and  transferred  to  a 
PC  using  a  frame  grabber  card  (Frame  Link  Express,  VCE-CLEX01,  Imprex,  Boca  Raton,  FL).  Images  were 
collected  at  five-minute  intervals  during  the  entire  procedure.  An  in-house  developed  tool  allowed  for  tracking  of  a 
region  of  interest  (ROI)  over  the  duration  of  the  procedure.  Representative  images  are  displayed  below  in  Figure  1 
(top)  for  4  time  points  (t=0,  t=210,  t=220,  and  t=240  minutes,  respectively).  Regions  of  interest  are  indicated  by  a 
white  box.  The  normalized  change  in  3CCD  values  was  plotted  as  a  function  of  time  (Figure  1,  bottom).  A  similar 
process  was  used  to  track  changes  in  IR  values. 

2.3  Clinical  and  Laboratory  Data  Acquisition 

Core  needle  biopsies  (14g)  were  taken  from  the  injured  leg  at  baseline,  30  minutes  post-reperfusion,  post-operative 
day  1(D1),  post-operative  day  3(D3)  and  post-operative  day  7  (D7);  each  was  stored  in  10%  neutral  buffered 
formalin  prior  to  histologic  preparation.  Clinical  observations  were  recorded  twice  daily  for  seven  days.  Each  animal 
was  evaluated  by  general  clinical  appearance,  food  and  water  consumption,  and  provoked  behavior.  The  resulting 
extremity  injuries  were  scored  during  clinical  observations  with  a  modified  Tarlov  scale[18]  to  determine  how 
ischemia  affected  locomotion  (0:  complete  paralysis,  1:  minimal  movement,  2:  stands  with  assistance,  3:  stands 
alone,  4:  weak  walk,  5:  normal  gait).  A  Tarlov  score  of  5  indicates  normal  mobility  while  a  Tarlov  score  of  2  is 
manifested  by  significantly  impaired  mobility.  At  study  endpoint  (D7),  a  necropsy  was  performed  to  harvest  tissue 
(end  organ  and  skeletal  muscle)  and  placed  in  10%  neutral  buffered  formalin.  Tissues  were  submitted  for 
hematoxylin  and  eosin  (H&E)  staining  and  for  histopathological  analysis.  Tissue  was  evaluated  for  inflammation, 
edema,  degeneration,  necrosis,  and  regeneration. 
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Figure  1:  (Top)  Grayscale  3CCD  frames  extracted  at  baseline  (1),  maximum  ischemia  (2),  5  minutes  post-reperfusion  (3),  and 
30  minutes  post-reperfusion  (4).  White  boxes  indicate  the  ROI  used  to  calculate  mean  R-B  values.  (Bottom)  Calculated  mean 
R-B  values  are  displayed  for  an  entire  case. 


2.4  Image  Analysis 

All  image  data  acquired  was  processed  using  custom  Matlab  ®  (Mathworks,  Nattick,  MA,  USA)  programs.  Images 
were  registered  and  subsequently  processed,  tracking  a  selected  region  of  interest  (ROI)  in  both  the  IR  and  3 CCD 
image  frames.  In  the  infrared  frames,  a  mean  intensity  value  for  the  ROI  is  used  to  assess  limb  perfusion. [19]  For  the 
3CCD  frames,  mean  R-B  values  correlate  to  tissue  oxygenation.[16,20"23]  The  percent  difference  of  R-B  values  from 
the  baseline  R-B  value  was  calculated  for  each  time  point. 

2.5  Statistical  Analysis 

Statistical  analysis  was  done  using  IBM  SPSS  Statistics  Version  19  (IBM  Corporation,  Armonk,  NY,  USA). 
Bivariate  correlations  were  analyzed  using  Spearman’s  rho  correlation  coefficients  and  associated  p-values. 

3.  RESULTS 

Generally,  for  all  cases,  both  tourniquet  and  occlusion,  3 CCD  R-B  values  and  IR  values  decrease  during  limb 
ischemia,  as  demonstrated  in  Figure  1  (bottom).  Upon  reperfusion,  values  suddenly  increase  and  exceed  baseline 
values;  this  event  is  due  to  post-occlusion  reactive  hyperemia  (PORH).  After  approximately  30  minutes  of 
reperfusion,  values  return  to  near  baseline  levels. 

Focusing  on  maximum  ischemia  values  only  (t=210  minutes),  similar  trends  in  values  for  both  3CCD  values  and 
Tarlov  scores  were  observed  in  all  cases.  Normalized  percentage  change  of  R-B  values  (Figure  2A)  and  the  Tarlov 
scale  scores  of  injury  severity  (Figure  2B)  for  the  3.5  hour  tourniquet  cases  trend  analogously.  For  instance,  cases  A, 
C,  and  E  show  the  largest  change  from  baseline  values  at  210  minutes  of  ischemia  (-36.8%,  -33.6%,  and  -42.0%, 
respectively)  and  had  corresponding  D1  Tarlov  scores  of  3,  2,  and  2.  Cases  B  and  D  decreased  less  than  20%  from 
baseline  values  (-7.4%  and  -16.1%,  respectively)  and  had  corresponding  D1  Tarlov  scores  of  4.  Similar  trends  were 
observed  for  the  2  hour  tourniquet  and  occlusion  data  cases  (data  not  shown),  however,  the  magnitudes  of  the  R-B 
value  percent  differences  were  smaller  and  the  D1  Tarlov  scores  were  higher  than  the  3.5  hour  case  values. 
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Figure  2:  Percentage  change  from  baseline  R-B  values  for  five  3.5  hour  tourniquet  ischemia  cases  (A)  and  the 
corresponding  Day  1  modified  Tarlov  scores  (B). 
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Figure  3:  Comparison  of  time  taken  to  reach  peak  tissue  re-oxygenation  values  during  reperfusion  for  2  hour  tourniquet  cases 
(A)  and  3.5  hour  tourniquet  cases  (B). 

Comparable  trends  for  R-B  values  and  Tarlov  scores  can  be  noted  at  30  minutes  reperfusion  as  well.  In  Figure  3, 
3CCD  values  are  tracked  through  maximum  ischemia  (120  minutes  or  210  minutes),  PORH  (-125  minutes  and  -215 
minutes),  and  30  minutes  of  reperfusion  (140  minutes  and  230  minutes)  for  2  hour  and  3.5  hour  cases,  respectively. 
Closer  examination  of  the  reperfusion  event  reveals  that  the  cases  with  the  lowest  R-B  values  at  30  minutes  of 
reperfusion  correspond  to  the  cases  with  the  lowest  Tarlov  scores.  It  can  also  be  noted  that  the  lowest  R-B  values  at 
30  minutes  reperfusion  correspond  to  the  cases  that  take  the  longest  amount  of  time  to  reach  maximum  reperfusion. 
This  difference  is  more  pronounced  in  the  3.5  hour  ischemia  cases  than  in  the  2  hour  ischemia  cases.  All  of  the  2 
hour  ischemia  cases  (Figure  3  A)  show  a  PORH  peak  R-B  value  at  approximately  5  minutes  after  reperfusion  begins. 
In  the  3.5  hour  ischemia  cases  (Figure  3B),  however,  the  time  associated  with  the  PORH  peak  R-B  values  was 
different  for  each  case.  For  example,  for  3.5  hour  tourniquet  case  B,  peak  PORH  R-B  values  were  reached  at 
approximately  five  minutes  and,  for  3.5  hour  tourniquet  case  C,  peak  PORH  values  were  reached  at  approximately 
10  minutes.  As  demonstrated  in  Figure  2,  3.5  hour  tourniquet  D1  Tarlov  scores  relate  mutually  with  30  minute 
reperfusion  R-B  values;  case  B  had  a  D1  Tarlov  score  of  4  and  case  C  has  a  Tarvlov  score  of  4. 

In  addition,  a  comparison  of  3 CCD  R-B  values  and  IR  values  during  reperfusion  can  also  be  made.  Figure  4 
compares  both  3CCD  values  to  IR  values  from  210  minutes  to  240  minutes  for  3.5  hour  tourniquet  cases.  Case  A, 
which  had  an  intermediate  Tarlov  score  of  3,  reaches  its  peak  PORH  R-B  value  in  6  minutes  (Figure  4 A),  but  shows 
the  slowest  rise  in  temperature  of  all  five  cases  during  reperfusion  (Figure  4B).  Case  B  shows  the  most  rapid  return 
to  baseline  temperature  value  and  one  of  the  shortest  times  to  peak  PORH  R-B  value  and  had  a  D1  Tarlov  score  of  4. 


Case  D,  which  also  had  a  D1  Tarlov  score  of  4,  exhibited  fast  peak  PORH  R-B  values,  but  showed  one  of  the 
slowest  return  to  baseline  limb  temperature.  This  clearly  evinces  that  tissue  oxygenation  and  tissue  reperfusion  are 
not  necessarily  synonymous  events  in  injured  tissue.  For  instance,  IR  values  are  not  correlated  with  Tarlov  scores 
immediately  post-operative ly  (DO)  but  are  correlated  with  Tarlov  scores  for  Dl-7  post-operatively.  3 CCD  values  are 
correlated  with  Tarlov  scores  immediately  post-operatively  (DO)  as  well  as  post-operative  D1  and  D7. 
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Figure  4:  Comparison  of  change  in  normalized  R-B  values  (A)  and  normalized  temperature  values  (B)  during 
reperfusion  for  the  3.5  hour  tourniquet  cases. 


Finally,  3CCD  values  at  maximum  ischemia  and  reperfusion  can  be  correlated  with  histo-pathological  analysis  of 
skeletal  muscle  tissue  collected  from  the  affected  limb  (Table  2).  Edema,  necrosis,  and  regeneration  correlate  well 
with  IR  values  at  maximum  ischemia  but  not  with  IR  values  at  maximum  reperfusion  (p>0.05).  Correlations 
between  3CCD  values  and  tissue  histopathology  do  not  exceed  Iph0.5. 


Table  2.  Spearman’s  p  correlation  coefficients  for  R-B  values  and  IR  values,  and  left  lower  extremity  skeletal  muscle 
histopathology.  P-values  less  than  0.01  indicate  statistical  significance  (*). 


R-B  Value  at 
Maximum 
Ischemia 

R-B  Value  at 
Maximum 
Reperfusion 

IR  Value  at 

Maximum 

Ischemia 

IR  Value  at 
Maximum 
Reperfusion 

Inflammation 

-0.145 

-0.021 

-0.540* 

-0.078 

Edema 

-0.123 

0.033 

-0.572* 

-0.122 

Degeneration 

-0.141 

-0.012 

-0.543* 

-0.076 

Necrosis 

-0.226* 

-0.047 

-0.611* 

-0.127 

Regeneration 

-0.192 

-0.059 

-0.562* 

-0.082 

4.  DISCUSSION 

This  experiment  demonstrates  the  feasibility  of  using  3  CCD  and  IR  spectroscopy  to  detect  tissue  perfusion  and 
oxygenation  in  a  large  animal  model  of  acute  limb  ischemia  and  reperfusion.  The  ischemia  was  evaluated  using 
multi-modal  imaging  modalities  that  measure  tissue  oxygenation  and  perfusion  as  well  as  by  the  modified  Tarlov 
scale,  a  conventional  functional  assessment. 

Tourniquet  ischemia  for  3.5  hours  successfully  produced  significant  histologic  evidence  of  skeletal  muscle  and 
nerve  damage  in  the  affected  extremity  as  well  as  a  significantly  decreased  level  of  function  throughout  the  seven 
post-operative  days.  This  injury  was  evident  as  more  severe  on  both  3CCD  and  IR  imaging.  In  comparison,  the 
occlusive  arms  did  not  experience  nearly  the  same  degree  of  ischemia,  neither  at  the  2  or  3.5  hr  time  points.  This  is 
largely  due  to  the  redundant  vascular  supply  to  the  swine  hind  limb.  In  future  cases,  ischemia  approaching  that  of 
that  induced  by  a  tourniquet  could  be  accomplished  with  a  more  proximal  clamping  point,  such  as  on  the  common 
iliac  artery.  Clinical  parameters  indicate  that  we  are  nearing  the  point  of  irreversible  injury,  our  model  needs  to  be 
modified  to  include  a  longer  period  of  ischemia  to  evaluate  increasing  intervals  of  ischemia.  Burkhardt  et  al.[4] 
extrapolated  a  time  period  of  4.7  hours  as  the  threshold  for  irreversible  neuromuscular  injury,  which  could  serve  as 
the  basis  for  future  experiments. 

Use  of  both  3CCD  and  IR  techniques  is  necessary  to  formulate  a  comprehensive  picture  of  limb  ischemia:  perfusion 
via  thermal  (IR)  imaging,  and  oxygenation  via  3 CCD  imaging.  Importantly,  we  did  not  observe  a  correlation 
between  the  reperfusion  and  tissue  oxygenation  rates.  Although  severe  ischemic  cases  showed  delayed  tissue 
oxygenation,  those  delays  are  not  reflected  in  reperfusion  rates.  It  is  possible  that  we  observed  the  point,  or 
spectrum,  of  critical  tissue  ischemia,  by  which  tissue  has  been  irreversibly  damaged,  preventing  or  delaying  tissue 
oxygenation.  This  demonstrates  the  need  for  both  infrared  and  3 CCD  images,  as  the  differences  are  not  explained 
by  a  single  modality. 

These  methods  show  great  promise  for  the  non-invasive  detection  of  critical  tissue  ischemia,  being  commercially 
available,  relatively  inexpensive,  compact,  and  lightweight.  They  could  be  used  in  any  surgery  where  tissue 
oxygenation  and  perfusion  are  in  question,  providing  a  rapid,  objective  data  allowing  surgeons  to  more  easily  make 
difficult  decisions  about  debridements  or  even  the  necessity  of  amputation.  In  addition,  this  technology  could  be 
used  continuously,  both  intraoperatively  and  postoperatively  to  assess  viability  of  free  tissue  transfer  grafts,  without 
the  need  for  fluorescent  dyes. 

Though  promising,  any  nascent  technology  faces  challenges.  An  important  challenge  include  changes  in  ambient 
lighting  while  capturing  3 CCD  images;  these  seemingly  small  fluctuations  in  lighting  affect  measurements  and 
require  the  introduction  of  normalization  methods  and  calibration,  into  capturing  and  processing  3  CCD  data. 


5.  CONCLUSIONS 


We  successfully  measured  changes  in  tissue  oxygenation  and  perfusion  using  a  multimodal  imaging  system  with 
both  3 CCD  and  infrared  imaging  in  a  limb  ischemia  model.  In  doing  so,  we  found  these  parameters  to  be  easily 
visualized  in  real-time.  Importantly,  evidence  of  reperfusion  on  thermal  (IR)  imaging  did  not  necessarily  correspond 
to  a  similar  recovery  in  tissue  oxygenation  given  by  3 CCD  values,  but  IR  imaging  values  did  portend  recovery  of 
function  at  7  days.  As  such,  both  modalities  were  necessary  to  accurately  depict  limb  viability. 

Future  goals  include  determining  threshold  values  that  would  help  identify  the  point  of  critical  ischemia,  which  by 
extension  could  differentiate  normal  healing  wounds  from  wounds  those  which  are  not  adequately  perfused  or 
oxygenated.  We  also  aim  to  apply  this  technology  to  the  clinical  setting  with  the  goal  of  developing  and  validating 
spectroscopic  models  designed  for  this  purpose.  Additional  data  is  required,  especially  from  wounds  with  uncertain 
oxygenation  or  perfusion,  are  needed  to  determine  if  spectrographic  data  can  be  correlated  with  a  wound  outcome. 
Clinical  studies  are  underway  to  elucidate  these  relationships. 
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Abstract.  Renal  ischemia  that  occurs  intraoperatively  during  procedures  requiring  clamping  of  the  renal  artery 
(such  as  renal  procurement  for  transplantation  and  partial  nephrectomy  for  renal  cancer)  is  known  to  have  a  sig¬ 
nificant  impact  on  the  viability  of  that  kidney.  To  better  understand  the  dynamics  of  intraoperative  renal  ischemia 
and  recovery  of  renal  oxygenation  during  reperfusion,  a  visible  reflectance  imaging  system  (VRIS)  was  developed  to 
measure  renal  oxygenation  during  renal  artery  clamping  in  both  cooled  and  warm  porcine  kidneys.  For  all  kidneys, 
normothermic  and  hypothermic,  visible  reflectance  imaging  demonstrated  a  spatially  distinct  decrease  in  the  rel¬ 
ative  oxy-hemoglobin  concentration  (%Hb02)  of  the  superior  pole  of  the  kidney  compared  to  the  middle  or  inferior 
pole.  Mean  relative  oxy-hemoglobin  concentrations  decrease  more  significantly  during  ischemia  for  normothermic 
kidneys  compared  to  hypothermic  kidneys.  VRIS  may  be  broadly  applicable  to  provide  an  indicator  of  organ  ische¬ 
mia  during  open  and  laparoscopic  procedures.  ©  The  Authors.  Published  by  SPIT  under  a  Creative  Commons  Attribution  3.0  Unported 
License.  Distribution  or  reproduction  of  this  work  in  whole  or  in  part  requires  full  attribution  of  the  original  publication ,  including  its  DOI.  [DOI:  1 0.1 1 1  7/1 
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1  Introduction 

Renal  ischemia  that  occurs  intraoperatively  during  procedures 
requiring  clamping  of  the  renal  artery  (such  as  renal  procure¬ 
ment  for  transplantation  and  partial  nephrectomy  for  renal 
cancer)  is  known  to  have  a  significant  impact  on  the  viability 
of  that  kidney.1-5  Two  major  modifiable  intraoperative  variables 
known  to  affect  renal  function  during  ischemia  are  the  length  of 
ischemic  time  and  the  temperature  of  the  kidney  at  which  ische¬ 
mia  occurred.  Greater  length  of  renal  ischemia  is  associated  with 
subsequent  worse  recovery  of  renal  function,  whereas  cooling  of 
the  kidney  allows  for  longer  exposure  to  ischemia.6-12  There 
remains  much  controversy  as  to  the  specific  duration  of  ischemia 
that  results  in  renal  injury  and  at  what  point  cold  ischemia 
should  be  employed. 

Measurement  of  direct  renal  oxygenation  intraoperatively 
during  renal  artery  clamping  has  been  explored  to  a  small  extent, 
with  promising  results  in  determining  subsequent  renal  func¬ 
tion.13,14  By  exploiting  the  different  spectral  properties  of  oxy¬ 
genated  and  de-oxygenated  hemoglobin,  it  is  possible  to 
quantify  the  level  of  oxygenation  in  the  blood  by  measuring 
the  wavelengths  reflected  off  the  kidney.  To  better  understand 
the  dynamics  of  intraoperative  renal  ischemia  and  recovery  of 
renal  oxygenation  during  reperfusion,  a  visible  reflectance 
imaging  system  (VRIS)  was  developed  to  measure  renal 
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oxygenation  during  renal  artery  clamping  in  both  cooled  and 
warm  kidneys. 

2  Materials  and  Methods 

2.1  Large  Animal  Model  for  Ischemia/Reperfusion 
Injury 

2.1.1  Porcine  model 

Porcine  laparotomies,  as  part  of  an  animal  protocol  approved 
by  National  Institutes  of  Health,  National  Cancer  Institute, 
the  Institutional  Animal  Care  and  Use  Committee,  were  used 
to  assess  the  extent  of  ischemic  injury  (i.e.,  decreased  tissue  oxy¬ 
genation)  incurred  during  surgery.  A  midline  abdominal  incision 
was  made  in  each  animal  {n  —  5),  and  the  left  kidney  was 
exposed.  Intravenous  mannitol  (350  mg/kg)  and  heparin 
(50  units/kg)  were  administered  before  vessel  occlusion  (via 
vessel  loops).  Pigs  were  subjected  to  normothermic  (33°C,  n  —  2) 
and  hypothermic  (5°C,  n  —  3)  ischemia.  For  hypothermic  ische¬ 
mia,  the  abdomen  was  filled  with  sterile  ice  slush;  before  reper¬ 
fusion,  the  ice  slush  was  removed  from  the  abdominal  cavity. 
Hyperspectral  images  of  the  kidneys  were  collected  noninvasively 
at  regular  intervals  for  up  to  30  min  of  renal  ischemia.  After  the 
vessel  loops  were  released,  images  of  the  kidneys  were  acquired 
at  regular  intervals  for  up  to  30  min  after  reperfusion.  All  animals 
were  euthanized  immediately  after  the  operation. 

2.1.2  Canine  model 

The  canine  experiment  (n  =  1)  was  performed  as  a  validation  of 
the  correlation  of  visible  reflectance  imaging  measurements 
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Fig- 1  Schematic  of  visible  reflectance  imaging  system  (VRIS).  The  light 
is  generated  by  a  broadband  quartz  tungsten  halogen  lamp  (200  to 
1 1 00  nm)  and  delivered  to  the  operating  plane  (indicated  by  the  kidney) 
via  fiber  optics.  A  mirror  directs  reflected  light  to  a  tunable  filter  (420- 
ZOO  nm),  which  then  passes  the  light  to  a  thermoelectrically  cooled 
detector. 


with  actual  blood  oxygenation.  The  canine  laparotomy,  as  part 
of  an  animal  protocol  approved  by  the  Institutional  Animal  Care 
and  Use  Committee,  was  used  to  assess  the  extent  of  ischemic 
injury  (i.e.,  decreased  tissue  oxygenation)  incurred  during  sur¬ 
gery.  Standard  open  surgical  techniques  were  employed  to 
expose  the  kidney  and  renal  hilum.  The  renal  artery  and  vein 
were  cross-clamped  with  Satinsky  clamps.  An  angiocatheter 
was  inserted  into  the  renal  vein  for  subsequent  blood  draws 
directly  from  the  kidney.  Mean  region  of  interest  (ROI)  values 
were  calculated  from  the  hyperspectral  images  of  the  surgery 
collected  using  the  VRIS  and  compared  to  measured  venous 
oxygen  saturation  values  (sa02  and  sv02).  Hyperspectral 
images  of  the  kidneys  were  collected  noninvasively  at  5,  10, 
20,  and  30  min  of  normothermic  renal  ischemia.  The  animal 
was  euthanized  immediately  after  the  operation. 

2.2  Visible  Reflectance  Imaging  System 

The  VRIS  comprised  of  several  components  (Fig.  1):  light 
source,  mirror,  filter  system,  charge-coupled  device  (CCD), 
and  personal  computer.  The  light  source  is  a  30  W  quartz-hal¬ 
ogen  lamp  (Oriel,  Irvine,  California)  which  is  reflected  onto  the 
area  of  interest  via  adjustable  fiber-optic  rings.  The  diffusely 
reflected  light  from  the  surgical  field  is  then  reflected  to  a  liquid 
crystal  tunable  filter  (LCTF)  (Cambridge  Research  Instruments, 
Wobum,  Massachusetts)  by  a  mirror  angled  at  45  deg  incident  to 
the  surgical  plane.  The  CCD  (768  x  512  pixels;  Photometries, 
Tuscon,  Arizona)  acquires  images  (100  ms  per  image)  as  the 
LCTF  adjusts  to  each  desired  wavelength.  The  LCTF  transmits 
light  from  420  to  700  nm.  To  improve  the  signal-to-noise  ratio  of 
the  spectra  contained  in  the  data  set,  the  image  is  binned  by  3 
pixels.  This  ultimately  results  in  a  256  x  170  pixel  image  plane. 
Each  image  cube  contains  126  image  planes,  with  a  single  image 
plane  collected  at  single  spectral  increments  of  1  nm  from  520 
to  645  nm.  For  background  measurements,  a  99%  diffuse  re¬ 
flectance  standard  was  used  (Labsphere,  North  Sutton,  New 
Hampshire). 

The  image  data  sets  are  stored  and  analyzed  using  a  personal 
computer  (Gateway,  Irvine,  California).  Data  analyses  are 


carried  out  using  in-house  and  commercially  available  scripts 
in  Matlab™  (Mathworks,  Natick,  Massachusetts).  Briefly,  the 
spectral  response  of  the  tissue  examined  is  subjected  to  decon¬ 
volution  for  calculation  of  various  tissue  parameters  (oxy-  and 
deoxy-hemoglobin,  water).  Oxygenated  hemoglobin  exhibits 
distinct  spectral  bands  at  537  and  567  nm,  whereas  deoxygen- 
ated  hemoglobin  exhibits  a  markedly  different  spectral  band 
at  553  nm. 


2.3  Data  Analysis 

According  to  the  Beer-Lambert  law,  the  absorbance  of  a  sample 
(A)  depends  on  three  parameters:  pathlength  (/),  concentration 
(c),  and  the  molar  absorption  coefficient  (s).  Absorbance, 
however,  can  also  be  defined  as  the  logarithmic  ratio  between 
the  intensity  of  light  incident  on  a  sample  (70)  and  the  in¬ 
tensity  of  light  transmitted  through  a  sample  (7) ),  where 
A  =  log10(/0//1).  Finally,  one  can  extrapolate  concentration 
of  the  sample  from  the  ratio  of  light  intensity,  because 
log10(/0//1)  =  eel.  Absorbance  spectra  were  used  in  the  pre¬ 
diction  of  oxygenated  hemoglobin  concentration  because  of 
the  linear  relationship  between  concentration  and  absorbance 
spectra.  Absorbance  image  cubes  were  created  by  referencing 
each  raw  spectral  cube  (70)  by  the  reflectance  of  a  standard  refer¬ 
ence  material  (7^.  The  relative  concentration  units  for  deoxy- 
genated  hemoglobin  utilized  throughout  this  study  are 
percentage  oxygenated  hemoglobin  (%Hb02),  which  is  defined 
as  the  percentage  of  the  concentration  of  oxygenated  hemoglo¬ 
bin  divided  by  the  total  hemoglobin  concentration.15  All  data 
analysis  was  performed  using  algorithms  and  software  written 
in-house  using  the  programming  languages  Matlab  and  IDL / 
ENVI  (ITT  Visual  Information  Solutions,  Boulder,  Colorado). 

The  calculation  of  relative  oxygenated  hemoglobin  con¬ 
centration  was  a  two-step  process.  The  first  step  involves 
using  the  classic  least  squares  method,  sometimes  referred  to 
as  the  TGmatrix  method,16  which  is  explained  in  detail  in 
elsewhere.17,18  In  brief,  the  measured  absorbance  spectra  and 
concentration  of  pure  components  (oxygenated  and  deoxygen- 
ated  hemoglobin)  are  linearly  proportional  to  each  other  via  a 
TT-matrix,  A  =  CK,  where  A  is  the  absorbance  spectra  matrix 
(number  of  measured  spectra  x  number  of  wavelengths),  K  is 
the  matrix  of  pure  components  (number  of  components  in 
the  model  X  number  of  wavelengths),  and  C  is  a  concentration 
matrix  (number  of  measured  spectra  X  number  of  pure  compo¬ 
nents  in  the  model)  with  relative  concentration  units  of  %Hb02. 
In  this  method,  the  absorptivities  usually  defined  in  univariate 
Beer  law  fitting  are  normalized  to  constant  path  length,  resulting 
in  K  being  a  normalized  absorption  coefficient  matrix.18  These 
pure  component  spectra  were  measured  external  to  these  in  vivo 
measurements.  Also,  the  number  of  measured  spectra  in  A  and 
number  of  concentrations  in  the  C  matrix  vary  with  each  data 
set,  because  the  number  of  pixels  that  include  the  kidneys  varies, 
but  in  every  data  set  is  >1000.  One  limitation  of  this  K- matrix 
method  occurs  when  one  or  more  spectroscopically  active  com¬ 
ponents  are  not  represented  in  the  calibration  set.17-19  In  the  case 
of  visible  reflectance  spectra  of  kidneys,  both  chemical  and  opti¬ 
cal  nonhemoglobin  spectral  contributions  can  limit  the  accuracy 
of  the  concentration  prediction.  The  second  step  in  the  concen¬ 
tration  determination  is  to  overcome  this  limitation  by  applying 
externally  obtained  relative  oxygenated  hemoglobin  concentra¬ 
tions  to  correct  for  these  nonhemoglobin  contributions  using 
augmented  classic  least  squares,  described  elsewhere.19 
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Fig.  2  Calibration  plot  for  deconvolution  of  percent  oxygenated  hemo¬ 
globin  (%Hb02).  Mean  oxyhemoglobin  concentrations  calculated  from 
the  visible  reflectance  images  are  plotted  versus  actual  oxyhemoglobin 
concentrations  (blood  gas  measurements). 

Statistical  significance  was  determined  with  the  Student 
/-test  with  the  degrees  of  freedom  modified  by  the 
Greenhouse-Geisser  correction.20  This  correction  was  chosen 
to  provide  more  conservative  estimates  of  the  statistical  signifi¬ 
cance  in  this  study  by  mitigating  pixel-to-pixel  spatial  correla¬ 
tions  and  temporal  correlations.  These  correlation  analyses  were 
carried  out  using  the  CAR  package21  in  the  R  statistical  comput¬ 
ing  language.22 

3  Results 

3.1  VRIS  Correlates  with  Measured  Hemoglobin 
Oxygenation 

Figure  2  shows  a  comparison  between  the  oxy -hemoglobin  con¬ 
centration  predicted  by  visible  reflectance  spectroscopy  and 
catheter-drawn  kidney  blood  oxy-hemoglobin  concentration 


determined  externally  (canine  nephrectomy).  These  externally 
determined  oxy-hemoglobin  concentrations  (%Hb02)  are 
from  single  blood  samples  taken  as  a  function  of  induced  ische¬ 
mia  time  (29%,  32%,  40%,  and  96%  Hb02,  respectively).  The 
visible  reflectance-determined  oxy-hemoglobin  concentrations 
are  spatially  averaged  concentrations  (calculated  for  approxi¬ 
mately  6000  individual  pixels).  The  error  bars  represent  one 
standard  deviation  from  the  spatially  averaged  concentrations. 
The  predicted  and  the  externally  measured  oxygenated  hemo¬ 
globin  concentrations  (%Hb02)  correlate  quite  well  (Fig.  2). 
The  dashed  line  demonstrates  a  linear  regression  with  a  slope 
of  1.0  for  reference.  The  cross-validation  standard  error  of  cal¬ 
ibration  was  estimated  for  the  calibration  data,  and  the  influence 
of  each  calibration  point  is  insignificant  compared  to  the  stan¬ 
dard  error  of  calibration  estimated  by  including  all  calibration 
data  within  a  95%  confidence  interval.  This  analysis  suggests 
that  no  point  in  the  calibration  set  holds  significant  influence 
or  leverage  over  the  calibration,  and  therefore,  the  calibration 
is  valid.18 

Figure  3,  a  set  of  images  of  the  canine  kidney  during  ische¬ 
mia  injury,  illustrate  the  ability  of  the  visible  reflectance  images 
to  measure  renal  tissue  oxygenation  intraoperatively.  The  largest 
image  (left)  is  a  visible-color  image  of  the  kidney.  The  sequen¬ 
tial  images  A-E  are  concentration  images  of  the  kidney  before 
and  during  the  ischemia/reperfusion  injury.  The  intensity  of  the 
grayscale  in  the  images  (A-E)  corresponds  to  the  oxy-hemoglo¬ 
bin  concentration  scale  shown  in  the  lower  right  of  the  figure. 
According  to  the  image  colormap,  the  highest  concentration  of 
Hb02  is  white,  and  the  lowest  concentration  of  Hb02  is  black. 
These  intensity  values  were  determined  using  algorithms  devel¬ 
oped  in-house.  The  red  shaded  area  in  Fig.  3(a)  indicates  the 
ROI  from  which  mean  and  standard  deviation  oxy-hemoglobin 
concentrations  were  determined.  As  indicated  by  the  visible 
reflectance  images  of  the  kidney  during  warm  ischemia,  the 
%Hb02  decreases  with  ischemia  time,  and  the  kidney  is  darkest 
after  30  min  of  ischemia,  demonstrating  significantly  low¬ 
ered  %Hb02. 


Fig.  3  Left,  isolated  right  kidney;  right,  visible  reflectance  images  indicating  %Hb02  at  baseline  (a)  and  5  (b),  10  (c),  20  (d),  and  30  (e)  min  of  warm 
ischemia.  The  selected  region  of  interest  for  calculated  values  is  indicated  in  red. 
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3.2  Effects  of  Regional  Perfusion  on  Ischemia 

Figure  4  shows  a  set  of  sequential  oxy-hemoglobin  concentra¬ 
tion  images  of  a  left  porcine  kidney  during  ischemia/reperfusion 
injury.  The  intensity  values  in  these  images  were  determined 
using  algorithms  developed  in-house  described  in  the  Data 
Analysis  section  and  correspond  to  the  scale  on  the  right  of 
the  figure.  In  Fig.  4(a),  three  regions  of  the  kidney  are  defined 
by  two  diagonal  lines  corresponding  to  the  superior,  middle,  and 
inferior  poles  of  the  kidney.  These  three  regions  are  used  to  cal¬ 
culate  the  mean  regional  oxy-hemoglobin  concentration  as  a 
function  of  ischemia/reperfusion  clamping  and  unclamping 
times  (shown  in  Fig.  5).  It  is  clear  in  Fig.  4(b)-4(h)  that  the 
superior  pole  of  the  kidney  remains  more  oxygenated  than 
the  middle  or  inferior  poles  during  ischemia.  After  reperfusion 
[Fig.  4(i)-4(o)],  however,  kidney  oxygenation  appears  to  be 


relatively  homogeneous.  The  average  %Hb02  concentrations 
have  been  plotted  in  Fig.  5. 

Figure  5  is  the  scatter  plot  of  the  oxy-hemoglobin  concen¬ 
trations  calculated  for  the  entire  kidney  [Fig.  5(a)]  and  each  kid¬ 
ney  segment  [Fig.  5(b)]  and  is  representative  of  all  kidneys 
examined  in  this  study.  Although  the  regional  differences  in  tis¬ 
sue  oxygenation  are  not  readily  apparent  in  the  image  of  the 
kidney  itself  [Fig.  4(b)],  examination  of  the  calculated 
%Hb02  values  clearly  demonstrate  a  difference  in  the  mean 
oxy-hemoglobin  concentrations  of  the  superior  pole  and  middle 
and  inferior  poles  (91.9%  ±  4.5%,  88.5%  =b  3.9%,  and 
88.0%  d=  1.8%,  respectively;  P  <  0.05).  This  spatial  difference 
in  oxy-hemoglobin  concentration  persists  for  the  duration  of 
the  ischemia,  with  an  average  %Hb02  of  75.8%  =b  19.9%  for 
the  superior  pole  and  58.9%  db  12.0%  and  57.3%  d=  10.2% 
for  the  middle  and  inferior  poles,  respectively  (P  <  0.05). 


Fig.  4  Sequential  oxygenation  images  of  a  left  kidney  at  baseline  (a)  and  during  cold  ischemia  (b-h)  and  reperfusion  (i-o).  Ischemia  time  points:  5,  1 0, 
1 5,  20,  25,  30,  and  35  min  after  vessel  clamping.  Reperfusion  time  points:  5,  1 0,  1 5,  20,  25,  30,  and  35  min  after  vessel  unclamping.  SP,  superior  pole; 
MP,  middle  pole;  IP,  inferior  pole. 
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Fig.  5  Profiles  of  kidney  oxygenation  before  vessel  clamping,  during 
ischemia,  and  after  reperfusion,  (a),  Mean  Hb02  concentrations  for 
the  entire  kidney,  (b)  Mean  Hb02  concentrations  for  the  superior 
pole,  middle  pole,  and  inferior  pole. 

After  reperfusion,  statistically  significant  differences  in  oxy¬ 
hemoglobin  concentrations  abate  and  the  final  mean  oxy-hemo- 
globin  concentrations  of  the  superior,  middle,  and  inferior  poles 
are  73.4%  ±  17.1%,  82.5%  ±26.4%,  and  76.0%  ±  15.4%, 
respectively  (P  >  0.05).  For  Figs.  4  and  5,  the  means  and  stan¬ 
dard  deviations  were  calculated  from  ROIs  (not  shown  for 
clarity)  that  encompass  approximately  60%  of  the  visible 
area  in  each  kidney  pole. 

3.3  Effects  of  Cold  Ischemia  on  Tissue  Oxygenation 

Additionally,  mean  oxy-hemoglobin  concentrations  were  com¬ 
pared  for  cold  and  warm  ischemia  cases.  In  Table  1  are  means 
and  standard  deviations  for  baseline,  ischemic,  and  reperfused 
kidney  oxy-hemoglobin  concentrations  from  all  cold  and  warm 


Table  1  Comparison  of  mean  baseline,  ischemic,  and  reperfused  kid¬ 
ney  Hb02  concentrations  for  cold  and  warm  ischemia. 


Baseline 

Ischemic 

Reperfused 

(%Hb02) 

(%Hb02) 

(%Hb02) 

Cold  ischemia 

89.0  ±4.0 

64.0  ±  1 0.0a 

77.2  ±8.0 

Warm  ischemia 

85.0  ±  10.0 

24.1  ±20.0° 

63.5  ±20.0 

Significant  difference  (P  <  0.05). 


Journal  of  Biomedical  Optics 


ischemia/reperfusion  injuries.  The  average  baseline  values  were 
89.0%  ±  4.0%  and  85.0%  ±  10.0%  Hb02  for  hypothermic  and 
normothermic  kidneys,  respectively;  note  that  these  values  were 
acquired  before  the  addition  of  the  ice  slush  for  the  hypothermic 
kidneys.  The  oxy-hemoglobin  concentrations  of  hypothermic 
kidneys  after  30  min  of  ischemia  are  significantly  higher 
than  those  of  normothermic  kidneys  (64.0  ±  10.0  versus 
24.1  ±  20.0,  P  <  0.05).  The  renal  oxygenation  of  the  hypother¬ 
mic  kidneys  after  30  min  of  ischemia  is  approximately  70%  of 
the  baseline  oxy-hemoglobin  concentration,  whereas  the  normo¬ 
thermic  kidneys  retain  only  30%  of  the  baseline  oxy-hemoglo¬ 
bin  concentration  after  30  min  of  ischemia.  After  approximately 
30  min  of  reperfusion,  the  mean  oxy-hemoglobin  concentrations 
of  hypothermic  and  normothermic  kidneys  is  comparable 
(77.2  ±  8.0  versus  63.5  ±  20.0)  and  returns  to  within  80%  of 
the  average  baseline  %Hb02  values. 

For  all  kidneys,  normothermic  and  hypothermic,  visible 
reflectance  imaging  demonstrated  a  spatially  distinct  decrease 
in  the  oxy-hemoglobin  concentration  of  the  superior  pole  com¬ 
pared  to  the  middle  or  inferior  pole  of  the  kidney.  Mean  oxy¬ 
hemoglobin  concentrations  decrease  more  significantly  during 
ischemia  for  normothermic  kidneys  compared  to  hypothermic 
kidneys. 

4  Discussion 

In  1999,  the  numbers  of  hospital  discharges  for  partial  nephrec¬ 
tomies  and  transplant-related  complete  nephrectomies  in  the 
United  States  were  4171  and  12,765,  respectively.23,24  Over 
the  next  decade,  this  number  increased  moderately  by  31.8% 
for  transplant-related  complete  nephrectomies,  with  >35%  of 
the  primary  transplants  requiring  a  repeat  transplant.  The  num¬ 
ber  of  hospital  discharges  for  partial  nephrectomies  in  2009  was 
>200%  greater  than  10  years  prior.23  In  2009,  >16, 000  partial 
nephrectomies  and  transplant-related  complete  nephrectomies 
(32,000  total  nephrectomies)  were  performed  in  the  United 
States.  As  the  number  of  nephrectomies  increases,  the  need 
to  understand  renal  ischemia  and  oxygenation  as  it  relates  to 
kidney  function  also  grows. 

Vascular  occlusion  and  subsequent  renal  ischemia  are  neces¬ 
sary  to  provide  a  bloodless  operating  field  during  nephrectomies 
for  tumor  excision  and  after  kidney  extraction.  Unfortunately, 
ischemia  and  corresponding  reperfusion  induce  a  cascade  of 
inflammatory  events,  resulting  in  tissue  damage  and  acute 
kidney  injury  as  a  consequence  of  tissue  hypoxia.  Techniques 
to  minimize  tissue  damage  include  reduction  of  normothermic 
ischemia  or  induction  of  hypothermic  ischemia.  In  healthy  kid¬ 
neys  with  good  baseline  glomerular  filtration  rates  (GFRs),  these 
events  can  often  be  reversed  after  a  period  of  reperfusion  (either 
in  situ  with  partial  nephrectomies  or  in  the  recipient  with  trans¬ 
plants)  once  tissue  oxygenation  has  been  restored.  In  patients 
with  comorbidities  and/or  chronic  kidney  disease,  however, 
reduced  GFR  directly  impacts  renal  oxygen  consumption,25 
and  even  normal  ischemia  times  (<30  min)  may  compromise 
kidney  function.4 

In  spite  of  numerous  studies  exploring  various  ischemia  con¬ 
ditions  (normothermic,  hypothermic,  duration,  partial  clamping, 
etc.),  rigid  values  for  determining  critical  ischemia  have  not 
been  resolved.  This  is  partly  because  animal  studies  may  not 
always  corroborate  results  from  human  studies,  different  surgi¬ 
cal  techniques  are  simply  not  utilized  by  all  medical  staff  for 
every  case,  and  current  metrics  for  kidney  function  (serum  cre¬ 
atinine)  can  be  greatly  affected  by  factors  such  as  body  mass, 
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sex,  ethnicity,  age,  and  hydration  status.1  Thus,  there  exists  a 
need  for  technology  that  is  able  to  measure  renal  oxygenation 
during  renal  ischemia  and  reperfusion  independent  of  animal 
model,  surgical  technique,  and  patient  demographics. 

Visible  light  spectroscopy  is  capable  of  making  measure¬ 
ments  of  tissue  oxygenation  and  even  blood  flow  noninvasively, 
directly  from  the  visible  spectrum  of  hemoglobin.  The  benefits 
of  this  type  of  technology  are  that  the  measurements  can  be 
made  noninvasively,  quickly,  repeatedly,  and  clinically.26 
Several  technologies  have  been  developed  that  utilize  visible 
light  spectroscopy  for  extracting  tissue  oxygenation  measure¬ 
ments.  Benaron  and  coworkers27-29  used  various  probe  configu¬ 
rations,  including  a  hand-held  wand,  an  endoscopic  catheter,  a 
clip-on  surface  probe,  an  oral-esophageal  catheter,  and  a  flexible 
rectal  probe,  to  make  tissue  oxygenation  measurements  in  ani¬ 
mals  and  humans.  Tissue  oximeter  measurements  were  collected 
concurrently  and  correlated  well  with  visible  light  spectroscopy 
tissue  oxygenation  measurements.27,28  More  recently,  Scheeren 
et  al.14  employed  a  fiber-optic  probe  design  to  make  renal  tissue 
oxygenation  measurements  in  renal  transplant  recipients.  Not 
surprisingly,  tissue  oxygenation  was  higher  in  kidneys  from  liv¬ 
ing  donors  compared  with  deceased  donors  and  correlated 
directly  with  ischemia  time.14  In  that  study,  the  authors  noted 
that  the  tissue  oxygenation  measurements  did  not  correlate 
with  the  surgeon’s  observations  of  mottling.  The  disadvantage 
of  making  measurements  in  a  probe  format,  however,  is  the  loss 
of  regional  information  unless  multiple  measurements  are  made 
across  the  tissue.  This  type  of  sampling  becomes  time  consum¬ 
ing,  and  it  is  impossible  to  make  simultaneous  measurements  of 
different  regions. 

Visible  light  imaging  offers  the  same  advantages  as  visible 
light  spectroscopy  but  in  a  global  format,  capable  of  capturing 
regional  measurements  concurrently.  Rather  than  probing  one 
point  along  the  surface  of  the  kidney,  the  entire  kidney  is  exam¬ 
ined  in  a  single  snapshot.  We  have  used  3-CCD  contrast 
enhancement  to  monitor  the  effects  of  pneumoperitoneum  on 
renal  oxygenation  during  partial  and  complete  nephrectomies.13 
Although  renal  blood  flow  may  be  depressed  during  minimally 
invasive  procedures,  there  was  no  indication  of  significantly 
decreased  renal  oxygenation  even  after  4  h  of  pneumoperito¬ 
neum  application.13  Additionally,  3-CCD  contrast  enhancement 
was  used  to  compare  renal  oxygenation  post-reperfusion  to  renal 
oxygenation  before  hilar  clamping.13  Zuzak  and  coworkers30,31 
have  monitored  tissue  oxygenation  intraoperatively  with  a 
DLP®  hyperspectral  imaging  system,  at  near-video  frame 
rates,  to  study  the  effects  of  artery-only  clamping  and  ice 
slush  application  on  renal  oxygenation.32  Their  results  indicated 
that  artery-only  clamping  and  7-10  min  of  ice  slush  application 
can  help  to  minimize  the  decrease  in  renal  oxygenation  during 
partial  nephrectomies.  In  this  pilot  study  on  renal  ischemia,  we 
utilized  hyperspectral  imaging,  specifically  a  visible  reflectance 
imaging  system  (VRIS),  to  examine  renal  parenchyma  oxygena¬ 
tion  during  30  min  of  normothermic  and  hypothermic  ischemia. 
All  calculated  tissue  oxygenation  values  were  validated  with 
blood  gas  measurements  of  the  renal  parenchyma.  Five  kidneys 
were  subject  to  30  min  of  normothermic  or  hypothermic 
ischemia. 

Data  analysis  revealed  that  the  hypothermic  kidneys  experi¬ 
enced  an  attenuated  decrease  in  renal  oxygenation  (-28%, 
n  —  3)  compared  to  normothermic  kidneys  (-71%,  n  —  2) 
after  hilar  clamping,  but  that  both  normothermic  and  hypother¬ 
mic  kidneys  returned  to  renal  oxygenation  levels  near  80%  of 


baseline  after  30  min  of  reperfusion.  These  results  corroborate 
an  earlier  study  performed  by  Holzer  et  al.32  Though  the  normo¬ 
thermic  renal  oxygenation  measurements  were  further  from 
baseline  measurements  than  the  hypothermic  renal  oxygenation 
measurements  post-reperfusion,  there  was  no  statistical  differ¬ 
ence  between  the  baseline  renal  oxygenation  values  and  the 
reperfused  renal  oxygenation  values.  These  findings  support 
the  clinical  practice  of  maintaining  donor  kidneys  on  ice  in 
the  window  before  and  during  the  transplant  operation. 
Interestingly,  we  also  observed  regional  differences  in  renal  oxy¬ 
genation  for  both  normothermic  and  hypothermic  kidneys. 
Throughout  the  duration  of  ischemia,  the  superior  pole  of  the 
kidneys  remained  more  oxygenated  than  the  middle  and  inferior 
poles  (approximately  75%  versus  60%  Hb02).  Almost  immedi¬ 
ately  after  reperfusion,  all  poles  of  the  kidney  exhibit  similar 
oxygenation  levels  (75%  to  80%  Hb02).  This  phenomenon 
has  been  reported  previously  in  one  study  of  renal  arterial 
blood  flow  in  a  canine  model;  the  study  revealed  that  an  autor- 
egulatory  resistance  change  occurred  when  a  particular  arterial 
segment  of  the  renal  vascular  bed  was  altered.33 

Regional  oxygenation  of  the  kidney  has  particular  signifi¬ 
cance  for  the  segmented  clamping  of  vessels  during  partial 
nephrectomies.  Selective  control  during  vessel  clamping  may 
reduce  the  overall  effects  of  ischemia/reperfusion  injury  during 
partial  nephrectomies.34  Additionally,  the  observed  relatively 
decreased  lower  pole  oxygenation  may  partially  account  for 
the  incidence  of  ureteral  complication  such  as  stricture  after 
transplantation. 

We  present  preliminary  results  for  a  technique  that  has  the 
potential  to  diagnose  tissue  ischemia  in  real  time  and  in  an 
organ- specific  manner  during  open  surgery.  In  addition,  we 
demonstrate  that  hypothermic  ischemia  significantly  attenuates 
renal  oxygenation  during  hilar  clamping  and  the  ability  to  mon¬ 
itor  regional  differences  in  renal  oxygenation.  One  limitation  of 
this  study  is  the  lack  of  temporal  correlation  between  images 
collected  at  different  time  points.  Image  registration  methods 
would  correct  for  deviations  in  measurements  based  on  temporal 
variation.  Although  the  calculations  presented  in  this  study  were 
performed  offline,  efficient  programming  will  allow  automatic, 
real-time  incorporation  of  the  calculation  to  the  VRIS.  We  rec¬ 
ognize  that  an  expanded  study  would  allow  the  development  of  a 
training  set  by  which  an  inflection  point  for  critical  ischemia 
could  be  determined  by  exploring  longer  renal  ischemia 
times  in  a  survival  model.  The  developed  training  set  would 
be  the  foundation  for  a  clinical  validation  study.  Furthermore, 
this  technique  may  be  broadly  applicable  to  provide  an  indicator 
of  organ  ischemia  during  open  and  laparoscopic  procedures. 
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Over  60%  of  our  severely  combat-injured  patient  population  develops  radiographically  apparent  heterotopic  os¬ 
sification.  Nearly  a  third  of  these  require  surgical  excision  of  symptomatic  lesions,  a  procedure  that  is  fraught  with 
complications,  and  delays  or  regresses  functional  rehabilitation  in  many  cases.  Unfortunately,  for  the  combat  in¬ 
jured,  medical  contraindications  and  logistical  limitations  limit  widespread  use  of  conventional  means  of  primary 
prophylaxis.  Better  means  of  risk  stratification  are  needed  to  both  mitigate  the  risk  of  current  means  of  primary 
prophylaxis  as  well  as  to  evaluate  novel  preventive  strategies  currently  in  development.  We  asked  whether 
Raman  spectral  changes,  measured  ex  vivo,  correlated  with  histologic  evidence  of  the  earliest  signs  of  HO  forma¬ 
tion  using  tissue  biopsies  from  the  wounds  of  combat  casualties.  In  doing  so,  we  compared  normal  muscle  tissue 
to  injured  muscle  tissue,  unmineralized  HO  tissue,  and  mineralized  HO  tissue.  The  Raman  spectra  of  these  tissues 
demonstrate  clear  differences  in  the  amide  I  and  amide  III  spectral  regions  of  HO  tissue  compared  to  normal 
tissue,  denoted  by  changes  in  the  1640/1445  cm_1(p  <  0.01),  and  1340/1270  cm-1  (p  <  0.01)  band  area  ratios 
(BARs).  Additionally,  analysis  of  the  bone  mineral  in  HO  by  Raman  spectroscopy  appears  capable  of  determining 
bone  maturity  by  measuring  both  the  945/960  cm-1  and  the  1070/1445  cm-1  BARs.  Raman  may  therefore 
prove  a  useful,  non-invasive,  and  early  diagnostic  modality  to  detect  HO  formation  prior  to  it  becoming  evident 
clinically  or  radiographically.  This  technique  could  ostensibly  be  utilized  as  a  non-invasive  means  to  risk  stratify 
individual  wounds  at  a  time  thought  to  be  amenable  to  various  means  of  primary  prophylaxis. 

Published  by  Elsevier  Inc. 


Introduction 

Heterotopic  ossification  (HO)  is  defined  as  the  formation  of  mature 
lamellar  bone  in  soft  tissues.  Recently,  our  group  has  shown  that  the 
prevalence  of  HO  in  combat-wounded  service  members  approaches 
65%  [1,2].  Both  the  frequency  and  severity  of  this  HO  are  far  greater 
than  that  observed  following  civilian  trauma.  Clinically,  the  impact  of 
this  disease  process  can  be  devastating  in  some  cases,  and  spans  all 
phases  of  treatment  and  rehabilitation.  In  fact,  a  recent  analysis  identi¬ 
fied  HO  as  the  single  most  important  barrier  to  functional  mobility 
and  return  to  duty  in  active  military  amputees  [3]. 

Conventional  means  of  primary  prophylaxis,  such  as  external 
beam  radiotherapy  (XRT)  and  non-steroidal  anti-inflammatory  drugs 
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(NSAIDS)  exist,  and,  while  they  may  be  useful  in  some  settings,  they 
are  often  impractical  for  combat  casualties.  For  the  combat  casualty, 
these  options  are  logistically  infeasible  during  the  intercontinental  aero- 
medical  evacuation  process  (XRT)  and  may  be  medically  contraindi¬ 
cated  (NSAIDS)  due  to  the  high  proportion  of  concomitant  injuries 
[4,5].  As  such,  these  modalities  cannot  be  recommended  for  widespread 
use  in  all  patients  sustaining  blast,  or  otherwise  high-energy,  combat 
related  injuries.  Better  means  of  early  risk  stratification  and  novel  alter¬ 
native  means  of  prophylaxis  are  needed. 

The  typical  combat  wound  requires  a  series  of  operative  debride¬ 
ment  procedures  due  to  severe  contamination  and  slowly  evolving 
tissue  declaration  of  viability.  The  debridements  begin  immediately 
after  injury  and  are  generally  continued  three  times  per  week  until 
definitive  wound  closure  using  local  tissue,  flaps  or  skin  grafts  can  be 
attempted  [6].  General  regions  where  HO  will  eventually  form  almost 
always  become  clinically  evident  during  the  first  three  to  four  weeks. 
Experienced  surgeons  have  learned  to  recognize  changes  in  the  physical 
properties  of  tissue  that  are  indicative  of  HO,  most  notably  a  palpable 
thickening  and  stiffening  of  tissues,  which  are  evident  during  debride¬ 
ment  procedures.  The  physical  effects  of  ossification  of  these  tissues 
can  be  felt  when  debriding  with  a  scalpel;  however,  once  mineralization 
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occurs  (usually  weeks  after  injury),  the  process  cannot  be  reversed,  and 
conventional  means  of  primary  prophylaxis  are  typically  ineffective  [7]. 
Furthermore,  areas  of  mineralization  are  often  ill-defined,  and  efforts 
to  preserve  residual  limb  length  and/or  to  provide  durable  muscular 
coverage  over  fractures  preclude  excision  of  all  tissues  exhibiting  early 
signs  of  ectopic  bone  formation.  Thus,  in  general,  lesions  continue  to 
develop  until  the  ectopic  bone  is  mature. 

If  wound-specific  changes  portending  eventual  HO  formation  could 
be  identified  prior  to  the  point  at  which  lesions  become  palpable  and/ 
or  radiographically-apparent,  prophylactic  measures  could  be  brought 
to  bear  systemically  or  locally.  Ideally,  this  process  of  detection  and  pro¬ 
phylaxis  should  occur  at  a  time  early  enough  to  influence  osteoblastic 
differentiation  (the  differentiation  of  progenitor  cells  into  a  bone- 
specific  lineage)  and  other  requisite  signaling  processes  necessary  for 
the  development  of  HO.  Similarly,  if  the  exact  location  of  the  pre-HO  tis¬ 
sue  could  be  more  precisely  defined,  focused  early  debridement  could 
be  performed,  which  may  help  prevent  subsequent  formation,  and 
also,  theoretically,  decrease  the  prevalence  of  symptomatic  lesions. 

Raman  vibrational  spectroscopy  is  a  modality  that  offers  the  capability 
to  accurately  detect  and  identify  various  molecules  that  comprise  the 
wound  environment  in  their  native  state.  It  is  a  spectroscopic  technique 
in  which  the  precise  biochemical  composition  of  biologic  samples  can 
be  obtained  via  noninvasive  and  nondestructive  means.  Over  the  past 
two  decades,  Raman  spectroscopy  has  proven  effective  in  assessing  tis¬ 
sues  at  the  molecular  level  with  diverse  clinical  and  diagnostic  applica¬ 
tions  to  include  the  analysis  of  cellular  structure  and  the  determination 
of  tumor  grade  and  type  [8-12].  Accordingly,  fundamental  changes  in 
the  molecular  environment  of  wounds  that  occur  as  a  result  of  pathologic 
alterations  can  be  analyzed  by  vibrational  spectroscopy  [13-16].  These 
identified  changes  can  provide  objective  markers  that  correlate  with 
the  various  phases  of  wound  healing,  which  can,  with  other  clinical  ob¬ 
servations,  be  used  to  guide  surgical  decision-making.  For  instance,  we 
previously  demonstrated  that  changes  in  collagen  vibrational  bands  can 
be  correlated  with  alterations  in  collagen  deposition  associated  with  nor¬ 
mal  re-epithelialization  of  the  wound  bed,  while  perturbations  of  the  nor¬ 
mal  collagen  ratios  portended  impaired  or  delayed  wound  healing  [14]. 
Prior  studies  have  also  demonstrated  the  ability  of  Raman  to  effectively 
identify  and  analyze  bone  and  other  mineralized  tissues  [17-20].  Because 
clinical  evidence  and  histological  evidence  point  to  mature  HO  tissue 
closely  resembling  woven  bone  with  a  cortical  shell,  we  postulate  that 
the  Raman  spectral  profile  of  HO  tissue  resembles  that  of  normal  bone. 

We  ultimately  seek  to  identify  which  wounds  will  develop  HO  as 
early  as  possible  —  at  a  time  thought  to  be  amenable  to  primary  prophy¬ 
laxis.  As  such,  the  purpose  of  this  proof  of  concept  study  was  to  deter¬ 
mine  whether  Raman  spectral  changes,  measured  ex  vivo,  correlate 
with  histologic  evidence  of  the  earliest  signs  of  HO  formation  using  tissue 
biopsies  from  the  wounds  of  combat  casualties. 

Materials  and  methods 

Clinical  studies 

The  clinical  studies  were  approved  by  the  institutional  review 
boards  of  our  institutions.  Informed  consent  was  obtained  from  all 
study  participants  including  those  patients  who  donated  untraumatized 
muscle  tissue  that  served  as  our  control  group.  All  injured  muscle  spec¬ 
imens  were  obtained  from  U.S.  service  members  evacuated  following 
high-energy  combat-related  extremity  injuries  sustained  abroad.  Even¬ 
tual,  radiographic,  formation  of  HO  was  subsequently  confirmed  at  least 
30  days  post-injury  for  specimens  in  the  injured/HO  cohort. 

Sample  collection 

“Normal”  muscle  samples  (n  =  10)  were  collected  from  excess, 
discarded  muscle  tissue  harvested  during  hamstring  autograft  prepara¬ 
tion  following  routine,  elective,  anterior  cruciate  ligament  reconstruction. 


Injured  muscle  (n  =  10)  was  collected  from  combat-injured  patients 
sustaining  high-energy  extremity  injuries,  during  the  initial  debridement 
upon  arrival  to  our  institution,  prior  to  definitive  wound  closure  or 
coverage.  All  patients  were  treated  with  negative  pressure  wound  thera¬ 
py.  Tissue  biopsies,  approximately  1  cm3,  were  obtained  during  surgical 
procedures  and  immediately  snap  frozen.  HO  tissue  biopsies  were  col¬ 
lected  during  the  surgical  removal  of  symptomatic  lesions  from  twenty 
different  injured  patients  and  were  subdivided  into  “early”  (palpable, 
but  not  radiographically  apparent,  n  =  10)  and  “mature”  (n  =  10) 
lesions.  Additionally,  “normal  bone”  control  samples  were  collected 
from  transfemoral  and  ulnar  amputations,  an  ACL  reconstruction,  and  a 
non-union  fracture  callus  (n  =  4).  Samples  were  stored  at  —80  °C 
until  Raman  spectroscopic  analysis.  Prior  to  Raman  spectral  acquisition, 
samples  were  thawed  in  0.9%  NaCl  saline  solution.  Samples  were  unfixed 
at  room  temperature  for  no  more  than  15  min,  to  thaw  the  sample 
and  collect  a  Raman  spectrum.  After  Raman  spectral  collection,  the  sam¬ 
ple  was  immediately  refrozen  and  stored  at  —  70  °C.  Prior  to  histopatho- 
logical  examination,  all  muscle  and  early  HO  tissue  biopsies  were 
paraffin-embedded  and  stained  with  hematoxylin  and  eosin  (H&E), 
Masson's  trichrome,  and  Alcian  blue.  Mature  HO  tissue  was  embedded 
in  glycolmethacrylate  (GMA)  and  stained  with  H&E  and  von  Kossa 
stains.  Stained  tissue  sections  were  examined  for  standard  microscopic 
evaluation. 

Raman  spectroscopy 

Tissue  samples  were  placed  on  an  aluminum  foil-covered  weighing 
dish  prior  to  spectral  acquisition.  A  785  nm  Raman  PhAT  system  (Kaiser 
Optical  Systems,  Inc.,  Ann  Arbor,  MI)  was  used  to  collect  spectra  of  the  tis¬ 
sue  biopsies.  Final  spectra  were  the  accumulation  of  forty  5-second  spec¬ 
tra,  acquired  using  the  3  mm  spot  size.  At  least  three  dark-subtracted, 
illumination-corrected  spectra  were  obtained  for  each  biopsy/sample. 
All  spectral  preprocessing  was  performed  in  GRAMS/AI  software 
(Thermo  Fisher  Scientific,  Madison,  WI).  Raman  spectra  were  truncated 
to  1800-400  cm- 1  and  baseline  corrected  with  a  sixth  degree  polynomi¬ 
al.  Spectral  subtraction  of  blood  was  performed  if  spectral  interference  of 
blood  was  noted.  All  spectra  were  intensity  normalized  to  the  CH2  scis¬ 
soring  band  at  1445  cm-1.  Subsequently,  curve  fitting  was  performed 
over  three  spectral  regions,  1730-1500  cm-1,  1525-1185  cm-1,  and 
1150-900  cm-1.  All  Raman  bands  were  fit  with  mixed  Gaussian/ 
Lorentzian  bands.  The  fit  was  considered  good  when  the  R2  value  reached 
at  least  0.99. 

Band  area  ratios  (BARs),  a  pseud oquantitative  measure,  were  calcu¬ 
lated  by  dividing  the  band  area  of  a  Raman  band  of  interest  (for  example 
1 660  cm- 1 )  by  another  band  area  ( for  example  1 445  cm- 1 ) .  Composi¬ 
tional  trends  in  related  samples  can  be  explored  using  BARs,  such  as  an 
increase  in  mineral  carbonation  (1070/960  cm-1)  or  a  decrease  in  re¬ 
ducible  collagen  crosslinks  (1680/1660  cm-1);  absolute  Raman  band 
intensities  and  band  areas  can  be  greatly  affected  by  optical  effects 
[18].  BARs  calculated  in  this  study  include  mineral  carbonation  (1070/ 
960  cm-1  and  1070/1445  cm-1),  mineral  maturity  (945/960  cm-1), 
protein  order/disorder  (1240/1270  cm-1),  and  a-helical  structure 
(1340/1270  cm-1).  Mineral  crystallinity  is  determined  by  the  full 
width  at  half  maximum  of  the  960  cm-1  Vi  phosphate  band. 

Statistical  analysis 

Differences  in  band  area  ratios  and  band  centers  between  groups 
(normal  muscle  control,  injured  muscle,  early  HO,  mature  HO  and  nor¬ 
mal  bone)  were  assessed  using  independent-samples  of  Kruskal-Wallis 
tests.  Because  four  independent  statistical  tests  were  performed  for 
each  parameter,  a  Bonferroni-adjusted  significance  level  of  0.0125 
was  calculated  to  account  for  the  increased  possibility  of  type-I  error. 
Differences  were  considered  statistically  significant  by  a  two-tailed 
alpha  <  0.0125.  Analyses  were  performed  using  SPSS  software  (SPSS 
18.0,  SPSS  Inc.,  Chicago,  IL). 
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Results 

Histopathologic  characterization  of  tissue 

Stained  tissue  sections  of  normal  muscle  and  injured  muscle 
(Fig.  1)  exhibit  typical  skeletal  muscle  histological  attributes.  Normal 
myofibers  are  uniform  while  fibrous  tissue  infiltrates  the  injured 
muscle  myofibers.  Heterotopic  ossification  is  generally  an  intensely 
vascularized  lesion,  appearing  disorganized  and  hypercellular  [21].  In 
all  HO  specimens,  lesion  development  begins  adjacent  to  injured 
muscle  and  is  surrounded  by  fibrous  connective  tissue  with  long  stand¬ 
ing  collagen  fibrils.  Towards  the  periphery  of  the  lesion,  trabeculae  be¬ 
come  more  clearly  defined.  Immature  and  mature  HO  osteoids  (Figs.  2 
and  3,  respectively)  contain  large,  immature  osteocytes  surrounded  by 
primitive  woven  bone.  Unlike  the  immature  HO  tissue  in  Fig.  2,  mature 
HO  tissue  more  closely  resembles  lamellar  bone  where  cement  lines 
are  obvious  and  bone  marrow  elements  are  prevalent  throughout  the 
lesion.  The  presence  of  osteoclasts  in  the  mature  HO,  indicative  of  active 
remodeling,  is  not  evident;  this  is  supported  by  the  lack  of  scalloped 
edges  along  the  trabeculae,  which  appear  smooth. 

Raman  spectroscopy  of  tissue  biopsies 

Raman  spectroscopic  examination  was  conducted  for  44  ex  vivo  bi¬ 
opsies  collected  from  44  patients,  including  control  or  “normal”  muscle 
(n  =  10),  injured  muscle  (n  =  10),  and  HO  tissue  (n  =  20).  Addition¬ 
ally,  Raman  spectra  of  collagen  (types  I,  II  and  IV)  were  procured  as 
reference  standards.  The  Raman  spectral  profiles  of  types  I,  II,  and  IV  col¬ 
lagen  and  normal  muscle  (Fig.  4A),  along  with  common  Raman  spectral 


bands  and  their  assignments  for  collagen,  muscle  and  bone  are 
presented  to  highlight  differences  between  their  spectral  profiles 
(Table  1).  Raman  spectra  of  ex  vivo  samples  of  uninjured  (or  control) 
muscle,  injured  muscle,  and  surgically  excised  heterotopic  ossification 
were  also  compared  (Fig.  4B).  Spectral  differences  are  prominent  in 
the  amide  I,  amide  III,  and  fingerprint  regions  of  the  Raman  spectra. 
These  changes  reflect  variation  in  the  composition  of  the  tissue  itself, 
both  for  the  matrix  and  mineral  components  of  tissue. 

A  more  in  depth  characterization  of  both  the  matrix  and  mineral 
components  of  tissue  are  presented  in  Figs.  5  and  6,  respectively.  Fig.  5 
displays  calculated  band  area  ratios  for  the  Raman  spectra  of  control 
muscle,  injured  muscle,  early  HO  tissue,  and  mature  HO  tissue  for 
matrix  bands.  In  general,  when  comparing  muscle  (normal  or  injured) 
to  HO  tissue  (early  or  mature),  we  noted  a  decrease  in  the  1660/ 
1445  cm-1  (p  <  0.03),  1680/1445  cm”1  (p  =  0.03),  and  1340/ 
1270  cm-1  (a-helical  structure,  p<0.01)  band  area  ratios  (BARs). 
There  is  also  an  increase  in  the  1640/1445  cm-1  BAR  (p  <  0.01)  and 
the  1240/1270  cm-1  (protein  order/disorder)  BAR  (p  <  0.10).  These 
changes  in  BARs  can  also  be  examined  as  a  progression  of  normal  tissue 
to  diseased  tissue. 

Initially,  after  muscle  injury,  we  observe  an  increase  in  1660/ 
1445  cm-1,  1640/1445  cm-1,  and  protein  order/disorder  BARs.  The 
transition  from  injured  muscle  to  early  HO  tissue  demonstrates  a  de¬ 
crease  in  the  1660/1445  cm-1  and  a-helical  structure  BARs,  and  an  in¬ 
crease  in  the  protein  order/disorder  BAR.  Finally,  the  mineralization  of 
HO  tissue  shows  a  significant  decrease  in  the  a-helical  structure  BAR. 

Fig.  6  compares  mineral  band  area  ratios  for  normal  bone  and  for  HO 
tissue.  Both  the  945/960  cm-1  band  area  ratio  (mineral  maturity)  and 
the  1070/1445  cm-1  band  area  ratio  (mineral  carbonation)  provide  a 


Fig.  1.  Muscle  histopathology.  Normal  muscle  (A,  B  —  H&E  and  C  —  Masson's  trichrome)  is  compared  to  injured  muscle  (D,  E  —  H&E  and  F  —  Masson's  trichrome).  Upon  microscopic 
examination,  injured  muscle  myofibers  are  surrounded  by  fibrous  connective  tissue  while  normal  muscle  myofibers  are  relatively  uniform.  Closer  examination  demonstrates  inflammation 
(evidenced  by  lymphocytes),  myofiber  degradation,  necrosis,  and  hemorrhage  in  injured  muscle  tissue. 
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Fig.  2.  Osteoid  histopathoiogy.  Immature  (A-D)  and  mature  osteoid  (E-H)  development  of  HO  tissue  is  compared.  Both  tissue  specimens  were  collected  from  a  patient  approximately 
60  days  post-injury.  Sections  are  stained  with  H&E  (A,  B,  E,  F),  Masson's  trichrome  (C  &  G),  and  von  Kossa  (D  &  H).  Immature  osteoid  on  H&E  stained  slides  appears  more  eosinophilic 
than  mature  bone  (B)  and  only  stains  blue  with  Masson’s  trichrome  (C).  As  the  osteoid  matures,  Masson's  trichrome  reveals  osteoid  that  stains  both  blue  and  red  (G).  Von  Kossa  staining 
corroborates  these  results  by  demonstrating  a  greater  degree  of  mineralization  (darker  stain)  in  the  mature  osteoid  (D  &  H). 


measure  of  mineral  maturity;  as  bone  matures,  the  945/960  cm- 1  BAR 
decreases  (p  =  0.012)  and  the  1070/1445  cm-1  BAR  increases  (p  = 
0.011).  Early  HO  tissue  was  surgically  removed  within  165  days  post¬ 
injury  (mean  value)  while  mature  HO  was  excised  on  average  of  over 
600  days  post-injury;  this  is  reflected  in  the  Raman  spectral  band  area 
ratios.  Early  HO  has  the  highest  mineral  maturity  BARs  (mean  = 
0.44  d=  0.10)  and  the  lowest  mineral  carbonation  BARs  (mean  = 
0.18  =b  0.04).  This  trend  is  reversed  for  mature  HO,  where  the  mineral 
maturity  band  area  ratios  are  lower  than  early  HO  (mean  =  0.24  ± 
0.10)  and  the  mineral  carbonation  band  area  ratios  are  higher  than 
early  HO  tissue  (mean  =  1.23  ±  0.52). 

Discussion 

Combat  related  HO  formation  is  theorized  to  follow  a  common 
sequence  of  events  [22].  First,  an  induction  signal  must  occur  [22] 
which,  in  our  patient  population,  is  the  creation  of  a  high-energy  pene¬ 
trating  wound,  usually  from  a  blast.  This  leads  to  a  pronounced  and 


prolonged  systemic  and  local  inflammatory  response  [23].  Second,  a 
population  of  progenitor  cells,  previously  identified  in  our  patients 
[24],  expands  and  is  primed  to  undergo  osteogenic  differentiation  in 
an  environment  conducive  to  osteogenesis.  Adipocytes  play  a  key  role 
in  creating  this  milieu  conductive  to  osteogenesis  by  providing  an  envi¬ 
ronment  of  low  oxygen  tension  in  the  tissue  [25].  Ossification  then  pro¬ 
ceeds  by  either  an  endochondral  bone  formation  (as  with  fibrodysplasia 
ossificans  progressiva)  or  intramembraneous  bone  formation  (as  with 
progressive  osseous  heteroplasia)  or  both  (as  with  myositis  ossificans 
circumscripta)  [26].  In  the  case  of  endochondral  ossification,  a  hypoxic 
environment  is  conducive  to  brown  fat  development  [25]  and  chondro¬ 
cyte  differentiation  from  mesenchymal  cells  [27].  Newly  differentiated 
chondrocytes  become  hypertrophic  and  express  factors  that  promote 
vascular  ingrowth  to  include  vascular  endothelial  growth  factor 
(VEGF)  [28].  Finally,  the  subsequent  neoangiogenesis  allows  for  the 
matrix  mineralization  and  eventual  ossification. 

In  this  preliminary  study,  we  used  Raman  spectroscopy  to  discern 
molecular  changes  that  occur  prior  to  and  during  the  formation  of  HO. 
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Fig.  3.  Mature  HO  histopathoiogy.  The  figure  displays  stained  tissue  sections  of  mature  HO  tissue  (H&E  and  Masson's  trichrome  —  A  &  B  and  C  &  D,  respectively).  In  this  particular  patient, 
the  HO  developed  directly  adjacent  to  the  femur,  beneath  a  skin  grafted  area  which  had  been  treated  with  INTEGRA®  bioartificial  dermal  replacement  (Integra  Life  Sciences;  Plainsboro, 
NJ)  application  pre-skin  graft.  The  HO  lesion  was  excised  over  160  days  post-injury,  after  ulcerating  and  becoming  persistently  symptomatic. 
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Fig.  4.  Representative  Raman  spectral  profiles.  A)  Raman  spectra  of  normal  muscle  ( - ),  type  I  collagen  ( - ),  type  II  collagen  (- — ),  and  type  IV  collagen  ( — ).  Obvious  differences  are 

apparent  in  the  amide  I,  the  amide  III  envelope,  and  the  C-C  backbone  stretching  bands  (denoted  by  the  shaded  boxes).  The  Raman  spectrum  of  muscle  contains  an  amide  I  band  at 
-1655  cm-1  while  the  collagen  amide  I  band  is  shifted  to  -1665  cm-1.  Additionally,  the  amide  III  1340  and  1320  cm-1  bands  are  much  more  prominent  in  the  muscle  spectrum  but 
the  collagen  spectra  display  increased  amide  III  1270  and  1245  cm-1  spectral  bands.  Finally,  the  876  and  855  cm-1  Raman  spectral  bands  of  the  collagen  spectra  are  more  intense 

than  those  exhibited  in  the  muscle  spectrum.  B)  Raman  spectra  of  normal  muscle  ( - ),  early  HO  tissue  ( — ),  and  mature  HO  tissue  ( — ).  Shaded  boxes  indicate  regions  where  vibrational 

bands  differ  significantly.  The  mean  band  center  for  the  amide  I  band  of  uninjured  muscle  is  1655  cm-1.  For  the  HO  tissue,  whether  early  or  mature,  the  amide  I  band  shifts  to  a  higher 
frequency  and  is  centered  at  1660  cm-1.  Differences  are  also  apparent  in  the  amide  III  envelope  of  the  spectra.  The  intensity  of  the  1340  cm-1  Raman  vibrational  band  is  decreased  in  the 
spectra  of  the  HO  tissue  compared  to  the  uninjured  muscle  tissue.  The  1270  cm-1  and  1240  cm-1  Raman  vibrational  bands  are  increased  in  the  spectra  of  the  HO  tissue  compared  to  the 
uninjured  muscle.  The  most  notable  difference  in  the  spectrum  of  the  mineralized  HO  tissue  is  the  presence  of  the  960  cm-1  band,  a  V\  P-  O  stretching  mode.  This  is  a  typical  Raman  vi¬ 
brational  band  observed  for  hydroxyapatite,  and  in  this  case,  for  the  carbonated  hydroxyapatite  in  bone  mineral.  Finally,  the  intensities  of  the  921  cm-1, 876  cm-1,  and  855  cm-1  bands 
are  more  intense  in  the  spectra  of  the  HO  tissue  than  in  the  spectrum  of  the  uninjured  or  injured  muscle. 
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Table  1 

Raman  vibrational  band  assignments  [29-31,34,49-53]. 


v  (cm-1) 

Band  assignment 

Component 

593 

v4  PO4  bending 

Hydroxyapatite 

821 

v(CC)  of  backbone 

Collagen;  muscle 

856 

v(CC)  of  hydroxyproline  ring 

Collagen;  muscle 

873 

v3  P-  OH  stretching 

Bone 

876 

v(CC)  of  hydroxyproline  ring 

Collagen;  protein 

921 

v(CC)  of  proline  ring 

Collagen;  protein 

938 

v(CC)  of  protein  backbone 

Collagen;  muscle;  protein 

945-952 

v-i  PO4  stretch 

Amorphous  calcium  phosphate 

959 

Vi  PO4  stretch 

Hydroxyapatite 

1004 

v(CC)  aromatic  ring 

Phe;  collagen;  muscle 

1032 

v3  PO4  ;  v(CC)  skeletal;  C-0  stretch 

Bone;  collagen;  muscle 

1071 

Vi(COl-) 

Bone 

1075 

v3  PO4  stretch 

Hydroxyapatite 

1080 

v(CC)  and  v(CN)  skeletal 

Collagen;  muscle 

1159 

v(CC)  and  v(CN)  skeletal 

Carotenoid 

1178 

v(CC)  and  v(CN)  skeletal 

Collagen;  muscle 

1244 

6(CH2)  wagging;  v(CN)  amide  III 
disordered/p-sheet 

Collagen;  muscle 

1274 

v(CN)  and  8(NH)  amide  III  a-helix 

Collagen;  muscle 

1297 

6(CH2)  twisting 

Collagen;  muscle 

1343 

7(CH2,  CH3)  wagging 

Collagen;  muscle 

1385 

6(CH3)  symmetric 

Collagen 

1448 

6(CH2)  scissoring 

Collagen;  muscle 

1524 

Carotenoid 

Collagen;  muscle 

1552 

v(CC)  ring  stretch 

Collagen;  muscle;  Trp 

1665 

v(CO)  amide  I 

Collagen;  muscle 

We  compared  normal  muscle  tissue  to  injured  muscle  tissue,  early  HO 
tissue,  and  mature  HO  tissue.  While  mature  HO  tissue  is  generally 
apparent  upon  physical  examination  and/or  radiologic  examination, 
immature  and  largely  unmineralized  HO  tissue  is  not  as  clinically  obvi¬ 
ous.  The  Raman  spectra  of  various  tissues  demonstrate  that  there  are 
clear  differences  in  the  amide  I  and  amide  III  spectral  regions  of  HO  tis¬ 
sue  compared  to  normal  muscle  tissue,  which  may  indicate  whether  or 
not  muscle  tissue  will  develop  HO.  These  differences  include  a  signifi¬ 
cant  shift  in  the  location  of  the  amide  I  band  and  an  increase  in  some 
of  the  amide  III  bands. 

As  injured  muscle  transitions  to  mineralized  tissue,  significant 
changes  in  many  matrix  bands  (Fig.  4B)  are  apparent.  First,  there  is  a 


Fig.  6.  Comparison  of  Raman  vibrational  band  area  ratios  for  mineral  components  of  tissue. 
Statistically  significant  differences  (p  <  0.0125)  are  indicated  by  an  asterisk  (*). 


shift  in  the  amide  I  band  in  the  Raman  spectra  from  1655  cm-1 
to  1660  cm-1  —  this  is  likely  due  to  increased  collagen  content 
(p  <  0.01 ).  Second,  the  bandwidth  of  amide  I  band  increases,  evidenced 
by  a  decrease  in  the  1660/1445  cm-1  BAR,  a  decrease  in  the  1680/ 
1445  cm-1  BAR,  and  an  increase  in  1640/1445  cm-1  BAR  (Fig.  5). 
Bands  at  1640  and  1660  cm-1  are  assigned  to  a-helix  protein  second¬ 
ary  structure  while  the  band  at  1680  cm-1  is  assigned  to  [3-sheet 
protein  secondary  structure  [29-31].  Muscle  is  composed  largely  of 
actin  and  myosin,  both  which  are  more  alpha  helical  in  structure  than 
collagen  [32].  As  collagen  content  increases  and  muscle  myofibers  de¬ 
generate,  the  band  center  and  width  more  closely  resemble  that  of  col¬ 
lagen,  specifically  type  I  collagen.  Additionally,  an  increase  in  the  1680/ 
1445  cm-1  could  be  attributed  to  increased  collagen  crosslinking  [33]. 
Third,  the  intensity  of  amide  III  bands  changes,  most  notably  with  an  in¬ 
crease  in  the  protein  order/disorder  BAR  and  a  decrease  in  the  a-helical 
structure  BAR  (Fig.  5).  The  Raman  band  at  1240  cm-1  is  attributed  to 
more  disordered  protein  structures,  such  as  those  containing  a  large 
number  of  [3-pleats  or  random  coils,  while  the  1270  cm-1  Raman 
band  is  assigned  to  more  ordered  protein  structures,  such  as  those 


1660/1445  1680/1445  1640/1445*  1240/1270  1340/1270  1340/1270 

(area)*  (height)* 


Fig.  5.  Comparison  of  Raman  vibrational  band  area  ratios  for  matrix  components  of  tissue.  Statistically  significant  differences  (p  <  0.0125)  are  indicated  by  an  asterisk  (*). 
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containing  a  large  number  of  helical  coils  [34,35].  In  fact,  Raman  bands 
below  1270  cm-1  are  very  weak  in  protein  with  a  large  proportion  of 
helical  structure  and  the  absence  of  a  Raman  band  at  1240  cm-1  is  in¬ 
dicative  of  helical  structure  [34],  such  as  myosin  in  muscle. 

The  Raman  spectrum  of  unmineralized  HO  tissue  closely  resembles 
the  Raman  spectrum  of  type  I  collagen.  Type  I  collagen  plays  an  impor¬ 
tant  role  not  only  in  the  process  of  wound  healing,  but  also  in  the  forma¬ 
tion  of  osseous  tissue,  such  as  HO.  Osteoblasts  secrete  and  deposit  type  I 
collagen,  which  comprises  90%  of  bone  matrix  prior  to  mineralization 
[36].  In  some  cases,  the  collagen  that  serves  as  an  initiator  of  wound 
healing  may  also  act  as  the  scaffold  for  the  deposition  of  bone  mineral. 

Raman  spectroscopy  also  provides  insight  into  the  actual  mineraliza¬ 
tion  of  the  soft  tissue.  When  symptoms  persist  and  cannot  be  mitigated 
via  conservative  modalities,  HO  is  typically  removed  after  surgeons  are 
confident  that  the  HO  has  fully  matured.  This,  in  theory,  decreases  the 
likelihood  of  local  recurrence.  Historically,  scintigraphy  in  addition  to 
serum  alkaline  phosphatase  has  been  used  to  confirm  maturity  of  le¬ 
sions  [37-39],  which  was  thought  to  occur  approximately  one  year 
from  injury.  We  have,  however,  observed  combat-related  lesions  to  be 
mature  at  approximately  six  months  post-injury,  when  cortical  margins 
appear  well-defined  and  remain  unchanged  on  serial  radiographs  taken 
at  least  one  month  apart.  Raman  spectroscopy  can  evaluate  the  maturity 
of  lesions  directly  [18].  The  960  cm-1  V\  phosphate  band  in  the  Raman 
spectrum  of  bone  can  be  deconvoluted  into  more  than  one  Raman  spec¬ 
tral  band,  depending  on  the  species  of  mineral  present  in  the  tissue.  For 
instance,  the  presence  of  a  shoulder  at  945  cm- 1  has  been  attributed 
to  an  amorphous  calcium  phosphate  [40,41  ],  thought  to  be  a  precursor 
to  mature  bone's  carbonated  hydroxyapatite.  As  bone  matures,  this 
shoulder  will  decrease;  thus,  the  945/960  cm-1  BAR  can  be  used  as  a 
measure  of  mineral  maturity.  This  is  evidenced  by  early  HO  in  Fig.  6, 
in  which  the  least  mature  HO,  had  the  highest  945/960  cm-1  BAR  (cor¬ 
responding  histology  shown  in  Fig.  2).  Furthermore,  the  1070  cm-1 
Raman  spectral  band  is  attributed  to  a  v A  carbonate  vibration.  As  bone 
matures,  the  incorporation  of  carbonate  into  the  mineral  lattice  in¬ 
creases.  Increased  carbonate  content  has  been  associated  with  increased 
crystallinity  of  bone  mineral  and  bone  maturity;  thus,  as  increase  in  the 
1070/1445  cm-1  BAR  is  indicative  of  increased  mineral  maturity.  Again, 
early  HO  has  the  lowest  mineral  carbonation  BAR  and  histologically, 
exhibits  the  least  mature  HO.  The  relationship  between  the  mineral 
maturity  BAR  and  maturity  is  further  illustrated  by  comparing  early 
HO  to  the  mineral  carbonation  BAR  of  both  mature  HO  and  normal, 
mature,  lamellar  bone  (histology  not  shown).  These  band  area  ratios 
have  been  correlated  with  bone  mechanical  properties  such  as  modulus, 
yield  stress,  and  fracture  stress  [20,42-47]. 

Based  on  these  results,  Raman  spectroscopy  may  be  useful  to  identi¬ 
fy  early  wound  specific  changes  that  portend  eventual  HO  formation. 
As  an  intraoperative  modality,  Raman  spectroscopy  may  have  distinct 
advantages  over  other  techniques  of  assessing  tissue  during  surgery 
such  as  histology  or  inspection  by  the  surgeon.  Though,  not  widely 
used,  frozen  section  and/or  permanent  pathologic  analysis  can  be  used 
to  identify  early  stages  associated  with  eventual  HO  formation.  This 
technique  requires  multiple  wound  biopsies,  is  time  and  labor  intensive 
and  may  not  be  sufficiently  precise  with  regard  to  overall  HO  precursor 
location  and  potential  severity  to  guide  surgical  decision-making.  Also, 
the  ability  of  a  surgeon  to  identify  early  HO  tissue  during  a  debridement 
is  subjective  and  relies  heavily  on  personal  experience.  Conversely,  the 
Raman  technique  described  above  could  be  adapted  as  an  objective, 
intraoperative,  non-invasive  means  by  which  to  risk  stratify  wounds, 
without  significant  preparation  or  bias  on  the  part  of  the  interpreter.  If 
Raman  spectroscopy  demonstrates  that  a  wound  has  Raman  spectral 
features  associated  with  the  formation  of  HO,  prophylaxis  could  be 
employed  in  select  cases.  Alternatively,  in  areas  that  appear  prone  to 
HO  development,  which  can  be  mapped  with  vibrational  spectroscopy 
more  precisely  than  gross  clinical  assessment,  the  clinician  can  consider 
early  preferential  excision  of  pre-HO  tissue  while  the  patient  is  under¬ 
going  debridement  and/or  amputation  revision  for  final  closure. 


Additionally,  Raman  may  also  be  useful  for  monitoring  the  develop¬ 
ment  and  progression  of  HO  non-invasively  and  without  radiation.  For 
example,  tomography  techniques  currently  in  development  are  able  to 
model  bone  mineral  density  in  three-dimensional  space  [48].  With 
such  a  model,  the  clinician  may  also  be  able  to  visualize  areas  of  HO 
formation  as  well  as  monitor  the  maturation  of  each  portion  of  the 
lesion (s),  over  time. 

Conclusions 

Though  the  number  of  samples  examined  herein  was  small  and  our 
findings  preliminary,  the  results  are  encouraging  and  certainly  deserv¬ 
ing  of  further  study.  Furthermore,  all  data  acquisition  and  analysis  in 
this  study  were  performed  ex  vivo  and  outside  of  the  surgical  suite. 
Nevertheless,  these  results  suggest  that  Raman  spectroscopy  correlates 
with  histologic  appearance  of  tissues  within  combat  wounds,  and  can 
identify  the  earliest  forms  of  mineralization  in  patients  who  are  actively 
forming  HO.  We  believe  it  is  possible  to  optimize  existing  Raman 
spectroscopic  equipment,  such  as  fiber-probe  coupled  systems,  for  use 
in  the  operating  room  during  surgical  debridements.  This  could  provide 
treating  surgeons  and  researchers  with  an  accurate,  non-invasive 
means  by  which  to  risk  stratify  individual  wounds  to  receive  systemic 
and  local  means  of  primary  prophylaxis  currently  in  development. 
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